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REMARKS 

The Applicants thank the Examiner for the examination to date and respectfully request 
reconsideration of the present application in view of the foregoing amendments and the reasons 
that follow. 

The only remaining issue is obviousness. 

I. Status of the Claims 

New claims 79 and 80 are added to recite respective embodiments of the carbon 
nanosheets claims 57 and 62; support therefor can be found in, inter alia, ^[0074] of the 
Specification as published. No new matter is introduced, and claims 57-60, 62-76, and 79-80 are 
pending in this application, with claims 65-74 withdrawn. 

II. Claim Rejections - 35 U.S.C. S 103 

Claims 57-59 and 75 are rejected under 35 U.S.C. § 103(a) as allegedly being 
unpatentable over US 2003/0224168 ("Mack") in view of US 6,361,861 ("Gao"). Claim 60 is 
rejected under 35 U.S.C. § 103(a) as allegedly being unpatentable over Mack in view of Gao, and 
further in view of Carbon, (39) 2001 505-514 ("Peigney"). Claims 62 and 76 are rejected under 
35 U.S.C. § 103(a) as allegedly being unpatentable over Chemical Physics Letters 358 (2002) 
187-191 ("Shang") in view of Peigney and Gao. Claims 63 and 64 are rejected under 35 U.S.C. 
§ 103(a) as allegedly being unpatentable over Shang in view of Peigney and Gao, and further in 
view of Mack. The Applicants respectfully traverse all of these rejections. 

(A) Current Obviousness Standard 

The U.S. Supreme Court reaffirmed the Graham factors for determining obviousness in 
KSR Int'l Co. v. Tele/lex Inc., 550 U.S. 398 (2007). The Graham factors, as outlined by the 
Supreme Court in Graham et al. v. John Deere Co. of Kansas City et ai, 383 U.S. 1 (1966), are: 
1) determining the scope and contents of the prior art; 2) ascertaining the differences between the 
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claimed invention and the prior art; 3) resolving the level of ordinary skill in the pertinent art; 
and 4) evaluating evidence of secondary consideration. The Supreme Court recognized that a 
showing of "teaching, suggestion, or motivation" to combine the prior art to meet the claimed 
subject matter could provide a helpful insight in determining whether the claimed subject matter 
is obvious under 35 U.S.C. § 103(a) and held that the proper inquiry for determining obviousness 
is whether the improvement is more than the predictable use of prior art elements according to 
their established functions. The Court noted that it is "important to identify a reason that would 
have prompted a person of ordinary skill in the relevant field to combine the [prior art] elements" 
in the manner claimed and specifically stated: 

Often, it will be necessary . . . to look to interrelated teachings of multiple patents : 
the effects of demands known to the design community or present in the 
marketplace; and the background knowledge possessed by a person having 
ordinary skill in the art, all in order to determine whether there was an apparent 
reason to combine the known elements in the fashion claimed by the patent at 
issue. To facilitate review, this analysis should be made explicit. 

KSR Int'l Co. v. Teleflex Inc., slip op. at 14 (emphasis added). As discussed below, the teachings 
of the cited art cannot render the claimed invention obvious. 

(B) The present claims are non-obvious over the teachings of the cited references 

The Applicants maintain the position as set forth in the previous Replies and respectfully 
traverse the grounds of the Office's rejections. In particular, the Applicants respectfully submit 
that the Office has misconstrued the present invention and the teachings of the cited references to 
arrive at an incorrect conclusion. 

"Nanosheets" are NOT "nanotubes" 

The Office has acknowledged that Gao's teachings were only used for the "benefit of 
alignment" and not for the "nanotube" itself. Advisory Action, page 2. However, the Applicants 
respectfully submit that the main issue at hand is not whether or not Gao teaches aligning, but if 
the "nanosheets" of the present invention and the "nanotubes" of Gao are so distinct that 
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teachings related to these two very different materials should not have been analogized or 
compared at all. 

The Office has stated several different grounds for using Gao's teachings only with 
respect to the alignment of the nanotubes. However, for the Office to combine the teachings of 
the nanotube of Gao with those of the nanosheets of Mack and to "pick and choose" between 
these teachings, the Office has ignored the fundamental differences between a nanotube and a 
nanosheet. In fact, the Office has not even established any evidence why carbon nanotubes and 
carbon nanosheets are similar enough for the teachings related thereto to be compared. Such a 
leap in logic results only in a conclusory statement without any articulated underpinning 
reasoning that supports a proper rationale for combining the teachings that are related to separate 
and distinct materials, regardless of how they are combined. 

One of ordinary skill in the art can appreciate that a carbon nanotube is not a carbon 
nanosheet, and thus the teachings associated with these two separate entities should not be 
compared. The Applicants submit herewith Exhibit A, a review article by Su et al. 9 in which the 
authors clearly demonstrate the distinctions between a carbon nanotube and carbon nanosheet 
(graphene layer). At the outset, the Applicants respectfully direct the Office's attention to Figure 
1 (reproduced below) in Exhibit A for an illustration of the contrast between the one- 
dimensional graphene nanosheet and the two-dimensional carbon nanotube. Section 2.1.1. 
"Carbon nanotubes" and Section 2.1 .3 "Graphene" in Exhibit A further explain the differences 
between these two entities. In sum, the fact that carbon nanotubes can be vertical on a substrate 
has little to do with whether carbon nanosheets can be vertically aligned on a substrate - this is 
further evidenced below. 
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Figure 1. Schematic illustrations of several important carbon nanostructures: 
a) fullerene, b) graphene, c) carbon nanotube, and d) carbon nanofiber. 



A carbon nanotube has its various desirable properties mainly because of its geometry. In 
particular, the diameter thereof plays an important role in the property of a nanotube, and thus 
should be controlled. See e.g., Gao, Col. 2, 11. 46-60. By contrast, a nanosheet as recited in the 
present claims does not have a "diameter." In fact, as explicitly defined in 1J[0052] of the present 
Specification, a carbon nanosheet herein refers to "a carbon nanoflake with a thickness of 2 
nanometers or less," wherein carbon nanoflakes are "sheet -like forms of graphite. . ." (bold 
emphasis added). A "tube" as disclosed in Gao can hardly be characterized as a "flake" or 
"sheet" as described in the present Specification. 

Accordingly, regardless of how they are combined, the combination of the teachings 
related to a nanotube with the teachings related to a nanosheet is not possible without hindsight. 
This is particularly true when the Applicants have demonstrated that a combination of the 
teachings of Gao and Mack would render Mack's teachings unsatisfactory for Mack's intended 
purpose. See July 26, 2010 Reply, pages 6-7. Further, such a combination is in conflict with the 
guidance of the MPEP and Federal Circuit case law. See MPEP § 2145 and In re Ravi 
Vaidyanathan 2010 WL 2000682 at 9 (Fed. Cir. 2010.) (reiterating that "obviousness is 
determined as a matter of foresight, not hindsight"). 
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An "interlaced" configuration is NOT "vertically aligned" 

The Applicants respectfully traverse the Office's construction of independent claim 62 
and its corresponding claims. Particularly, the Applicants respectfully traverse the Office's 
interpretation of the structural description of how the nanoflakes are configured as "intended 
uses." The embodiment as recited in claim 62 is related to a plurality of nanoflakes and how they 
are arranged on a substrate. In other words, the claim recites what the nanoflakes are, and not 
what they do on the substrate. Accordingly, the Office's characterization of the recitation as 
"intended use" is improper. 

The Applicants maintain the position as set forth in the July 26, 201 0 Reply that Shang 
teaches away from the presently claimed embodiments by disclosing that the carbon nanoflakes 
of Shang are interlaced together to form a layer of carbon nest-like film (see Shang, Abstract). 
This is in stark contrast to the carbon nanoflakes, as recited in present independent claim 62, in 
which nanoflakes are aligned and freestanding , and standing on their edges roughly vertically 
to a substrate , as illustrated in, for example, Figures 29A-29B in the present Specification. 
Also, as the Office has acknowledged on page 6 of the Office Action, Shang is completely silent 
regarding the specific surface area of the nanoflake. 

The Office appears to be of the position that because nanotubes can be vertically aligned, 
so can carbon nanosheets. This is incorrect. The Applicants submit herewith Exhibit B, an 
article by Zhu et al., of which the present inventors are co-authors. As can be shown in Exhibit 
B, as recently as the year 2007, the scientists are still trying to understand the mechanisms of 
fabricating nanosheets that are vertically aligned on a substrate. In particular, in Figure 5 
(reproduced below), the authors proposed a growth model trying to illustrate the unexpected 
phenomenon of fabricating vertical, freestanding features of carbon nanosheets in terms of the 
hydrogen etching effect: 

". . .that atomically thin graphene sheets result from a balance between deposition 
through surface diffusion and etching by atomic hydrogen and that the observed 
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vertical orientation of these sheets results from the interaction of the plasma 
electric field ..." Abstract. 

Further, in the Conclusion section, the authors further distinguish the growth of carbon nanotubes 
from that of carbon nanosheets: 

". . .the formation of atomically thin, free-standing carbon nanosheets is strongly 
favored over the formation of nanotubes . . Page 2233, Section 3. 

Such a structural configuration of carbon nanosheets could not have been expected in view of 
disclosure relating to "interlaced" nest-like structures of Shang and/or any of the disclosures 
relating to carbon nanotubes. 



The teachings of Peigney, Gao, and/or Mack do not remedy the deficiencies of Shang' s 
teachings. Peigney is merely a theoretical study of specific surface area of single- and multi- 
walled carbon nanotubes and of carbon nanotube bundles. As explained above, a carbon 
nanotube, such as that described also in Gao, is not a carbon nanoflake. Thus, the specific 
surface area of a carbon nanotube, as the Office points to in Peigney' s teachings, has nothing to 
do with the specific surface area of a carbon nanoflake, as recited in present independent claim 
62. Thus, even assuming, arguendo, that the teachings of Shang, Peigney, and Gao were 




Fig. 5. A schematic explanation of CNS growth model. E: direction of the 
electric field near a substrate surface; Ctt x : carbon -bearing growth species 
impinging from gas phase: C g : growth species diffuse along CNS surface: 
H: atomic hydrogen impinging from gas phase; CH t : defects removed 
from CNS by atomic hydrogen etching eflects. 
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combined, the embodiment as recited in present independent claim 62 would not have resulted, 
let alone show the unexpected results as described above. Specifically, such a combination 
would still fail to teach the carbon nanoflakes having a specific surface area between 1000 m 2 /g 
and 2600 m 2 /g. 

At least in view of the foregoing reasons, the Applicants respectfully submit that one of 
ordinary skill in the art would not have had a reason to combine the teachings of the cited 
references. Even assuming, arguendo, that these teachings were combined, the presently claimed 
invention would not have resulted. 

Therefore, the Applicants respectfully request that the rejections be withdrawn. 
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CONCLUSION 



The Applicants believe that the present application is now in condition for allowance and 
respectfully request favorable reconsideration of the application. 

The Office is invited to contact the undersigned by telephone if a telephone interview 
would advance the prosecution of the present application. 

The Office is hereby authorized to charge any additional fees which may be required 
regarding this application under 37 C.F.R. §§ 1.16-1.17, or credit any overpayment, to Deposit 
Account No. 19-0741 . If any extensions of time are needed for timely acceptance of papers 
submitted herewith, the Applicants hereby petition for such extension under 37 C.F.R. § 1.136 
and authorize payment be charged to Deposit Account No. 19-0741. 



Respectfully submitted, 



Date ^mm^ d^oii } 




By 




FOLEY & LARDNER LLP 
Customer Number: 22428 
Telephone: (202) 672-5483 
Facsimile: (202) 672-5399 



Richard C. Peet 

Attorney for the Applicants 

Registration No. 35,792 
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REVIEWS 



Electrochemical energy storage is one of the important tech- 
nologies for a sustainable future of our society, in times of 
energy crisis. Lithium-ion batteries and supercapacitors with 
their high energy or power densities, portability, and promising 
cycling life are the cores of future technologies. This Review 
describes some materials science aspects on nanbcarbon- 
based materials for these applications. Nanostructuring (de- 
creasing dimensions) and nanoarchitectu ring (combining or as- 
sembling several nanometer-scale building blocks) are land- 
marks in the development of high-performance electrodes for 
with long cycle lifes and high safety. Numerous works re- 



viewed herein have shown higher performances for such elec- 
trodes, but mostly give diverse values that show no converg- 
ing tendency towards future development. The lack of knowl- 
edge about interface processes and defect dynamics of elec- 
trodes, as well as the missing cooperation between material 
scientists, electrochemists, and battery engineers, are reasons 
for the currently widespread trial-and-error strategy of experi- 
ments. A concerted action between all of these disciplines is a 
prerequisite for the future development of electrochemical 
energy storage devices. v 



1. Introduction 

One area of activity in materials science is the development of 
new materials for energy applications. This includes high-per- 
formance materials with specific characteristics, for example 
employed as electrode materials for lithium-ion batteries and 
supercapacitors, in fuel cells, and as host materials for hydro- 
gen storage. Carbons (graphite, hard carbon, glassy carbon, 
carbon black) have previously been utilized in various electro- 
chemical energy storage systems. This was motivated by the 
good electrical conductance of sp 2 -hybridized solid carbon, its 
high chemical stability, and its enormous adaptability to differ- 
ent interface processes. 

In general, sp 2 -hybridized carbon materials exhibit a high di- 
versity in crystallinity, morphology, porosity, and texture. These 
structural parameters play a crucial role in determining and op- 
timizing the electrochemical performance when carbons are 
used as electrodes. Studying the influence of the characteris- 
tics of these diverse materials on the battery/capacitor perfor- 
mance forms the basis of a rational design of improved func- 
tional materials. The required disruptive improvement in per- 
formance of electrochemical devices for energy applications 
has motivated the design of the structure and porosity of 
carbon materials through the choice of proper carbon precur- 
sors, through changing the conditions for thermal treatment, 
and by introducing procedures for activation and functionaliza- 
tion. There are several review articles on state-of-the-art car- 
bons as electrode materials for electrochemical applications. 11 " 71 
Graphite and activated carbon are still the mostly used materi- 
als for lithium-ion batteries and for supercapacitors, respective- 
ly. The exploration of nanomaterials and nanocomposites is be- 
lieved to further reveal their great potential for advanced 
energy storage devices, for example, to increase the high-rate 
performance of lithium-ion batteries 18 " 121 and to increase the 
energy density of supercapacitors (see the reviews listed in 
Table 1). 

Nanomaterials in the broader sense can be classified into 
two categories: the first is the common "nanostructured mate- 
rial" in which either the size of bulk materials is reduced in one 
or two dimensions, or a new morphology is formed at low di- 
mension, for example, fullerenes or carbon nanotubes (CNTs). 
Figure 1 illustrates some zero-, one-, and two-dimensional 
nanocarbons. There are two kinds of effects that result from 




Figure 1. Schematic illustrations of several important carbon nanostructures: 
a) fullerene, b) graphene, c) carbon nanotube, and d) carbon nanofiber. 



nanostructuring: (0 "trivial size effects," which rely solely on the 
decreased size [diameter of nanoparticles or thickness of (mono)- 
layers], decreased volumes, or increased surface-to-volume 
ratios; and (ii) "true size effects," which rely on the change in 
local properties of materials. 113 " 151 For nanocarbons, the true 
size effects play the most important rote as fullerenes, gra- 
phene, and CNTs exhibit properties that classical carbon mate- 
rials do not. Nanostructured carbon differs from classical 
carbon not only in its dimensionality, surface area and porosity, 
as mentioned above, but more importantly in the distribution 
of chemical bonding, thus allowing for mixtures of local elec- 
tronic structures of sp' carbon, with r being a variable between 
2 and 3. This flexibility arises from the possibility to interlink 
basic structural units of carbon with a variable degree of curva- 
ture, ranging from flat graphene (sp 2 ) to continuous wraps (lo- 
calized double bonds) with strong covalent linkers (sp 3 ). 1161 The 
perfect tunability of the local chemical bonding leads to mate- 
rials with predictable mechanical and chemical properties. 

The second type of nanomaterials uses nanostructured ma- 
terials, such as described above, as building blocks to form a 
desired morphology. 11 5,1 7181 Nanocomposites mostly combine 
two or more different nanomaterials with different morpholo- 
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Materials 
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Ref. 


Recent development of carbon materials for Li ion batteries 


M. Endo et al. 


Carbon, graphite 


U-ion battery 


[1] 


Electrochemical energy storage 


F. B4guin et al. 


Activated and meso- 


Li-ion battery, 


[2] 






porous carbon, CNTs 


supercapacitor 




Carbon anode materials for lithium ion batteries 


Y. P. Wu et al. 


Graphite composite, 


Li-ion battery 


[3] 






polymer coating, CNTs 






Carbon properties and their roles in supercapacitors 


A. G. Pandolfo et al. 


Carbon black, aerogel, 


Supercapacitor 


[4] 






fiber, glassy carbon 






Advanced battery application of carbons 


M. Endo et al. 


Classic and nanostructured 


Li-ion battery 


[5] 






carbons, alloy composite 






Lithium storage in carbon nanostructures 


N. Kaskhedikar et al. 


Nanocarbons 


Li-ion storage 


[6] 


Recent advances in lithium ion battery materials 


B. Scrosati 


Anode, cathode 


Li-ion battery 


[7] 


Issues and challenges facing rechargeable lithium batteries 


J. M. Tarascon 


Li alloy, polymer 


U-ion battery 


[8] 






and electrolyte 






Nanomaterials for lithium ion batteries 


C. Jiang et al. 


Nanostructured 


Li-ion battery 


[11] 






metal oxide 






Nanomaterials for rechargeable lithium batteries 


P. G. Bruce et al. 


Nanomaterials as 


Li-ion battery 


[12] 






electrode, electrolyte 






Nanostructured Materials for electrochemical 


Y. G. Guo et al. 


Nanostructured materials 


Li-ion battery, 


[15] 


energy conversion and storage devices 1 ' 1 






DMFCs 




The role of nanostructure in improving the performance 


G. Centi et al. 


Nanostructures 


Li-ion battery, 


[17] 


of electrodes for energy storage and conversion 






fuel cell 




Reversible and high-capacity nanostructured electrode 


M.G. Kim et al. 


Nanostructred anode 


U-ion battery 


[18] 


materials for Li-ion batteries n,J 




and cathode materials 




Carbon nanotube and conducting polymer 


C. Peng et al. 


CNTs, conducting 


Supercapacitor 


[25] 


composites for supercapacitors 




polymer 






Template-directed materials for rechargeable 


F. Cheng et al. 


Template-prepared 


Li-ion battery 


[19] 


lithium-ion batteries 




functional materials 






Electrochemical storage of energy in carbon 


E. Frackowiak et al. 


CNTs and nano- 


Li-ion battery, 


[20] 


nanotubes and nanostructured carbons 




structured carbon 


supercapacitor 




Nanostructured materials for advanced 


A.S. Aric6 et al. 


Nanostructured materials 


Li-ion battery, 


[21] 


energy conversion and storage devices 




as electrode 


supercapacitor 




Materials for electrochemical capacitors 


P. Simon et al. 


Nanoporous carbon, 


Supercapacitor 


[22] 






metal oxides 






Application of nanotextured carbons for supercapacitors 


E. Raymoundo-Pinero et al. 


Activated and 


Supercapacitor, 


[23] 


and hydrogen storage 




templated carbon, CNTs 


hydrogen storage 




Application of nanoporous carbon and 


E. Frackowiak et al. 


Nanoporous carbons, 


Supercapacitor 


[24] 


nanotubes composites for supercapacitors 




CNTs 






Carbon-based materials as supercapacitor electrodes 


L L. Zhang et al. 


Carbon-based materials, 


Supercapacitor 


[147] 






electrolytes 






Advanced materials for energy storage 


C. Liu et al. 


Advanced materials 


Energy storage, U-ion 


[255] 



battery, supercapacitator 

[a] Progress Report, [b] Feature Article. 




(d) (e) (f) 




Figure 2. Schematic illustration of some carbon-based nanocomposites (a-c) 
and nanoarchitectures (e-f). a) Active materials coated with carbon layers, 
b) Nanoparticles in a CNT. c) Nanoparticles dispersed in a (porous) carbon 
matrix. Architectures that use nanocomposites to form e) aligned arrays, d) a 
thin sandwich film, and 0 a hierarchical rambutan-like structure with several 
nanocomponents. 
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gies and belong to the nanoarchitectured materials. It is possi- 
ble to assemble the nanometer-scale units in an ordered struc- 
ture to explore and use their physical and chemical properties 
in an optimized manner. Examples of nanoarchitectures are il- 
lustrated in Figure 2. Carbon layers can encapsulate metal- 
(oxide) nanoparticles; CNTs can be used as holders or contain- 
ers of active materials, or active materials can be dispersed 
into a carbon matrix. Nanoarchitecture also includes assembly, 
for exampel, CNTs, nanowires, or nanobelts in an array, hier- 
archically arranging several nanocomponents into, for example, 
rambutan-like structures. Another example of materials design 
is the sandwich thin film structure with thin layers of alternat- 
ing physical (electron- or ion-conductive) or mechanical prop- 
erties (structure buffering). 

Some typical textures of relevant conventional and nano- 
structured carbon materials are given in Figure 3 a-d, which 
shows scanning electron microscopy (SEM) images of graphite, 
activated carbon, ordered mesoporous carbons, and CNTs, re- 
spectively. One can clearly distinguish graphite from nanostruc- 
tured systems with an obviously discernible substructure (Fig- 
ure 3 c and d). The materials in Figure 3c and d exhibit tubular 
voids in addition to mesopores. The carbon in Figure 3 b dis- 
plays a combination of all these features plus unresolved mi- 
cropores, and represents a complex hierarchical pore system. 
The origin of the high potential of nanostructuring becomes 
intuittively clear from inspection of Figure 3. Carbons with 
micro- or nanometer-scale dimensions exhibit different trans- 
port properties when in contact with reactants. Storage of 
energy is directly linked to the mass transport of ionic charge 
carriers (such as solvated Li ions). The efficiency of this trans- 
port is controlled, amongst other factors, by diffusion process- 
es which exhibit typical time constants of seconds at nanome- 
ter distances at ambient temperatures. 

Nanoarchitecturing allows the creation of materials with 
very high surface areas accessible to Li, which explains the fact 
that in such electrodes more Li can be stored than allowed by 
intercalation. These materials, either as a single component or 
as an assembly through nanoarchitecturing, in combination 
with nanostructured metal(oxides), open new perspectives for 
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Figure 3. SEM images of several carbon materials used for electrochemical 
energy storage, a) Graphite, b) Activated carbon, c) Ordered mesoporous 
carbon, d) CNTs. 



the development of advanced carbon-based electrodes for 
high-performance lithium-ion batteries and supercapacitors. 
This allows the following options: 

(1) to introduce new materials for both electrodes that are 
unsuitable as electric materials themselves because they exhib- 
it insufficient electrical conductivity (e.g., nanocomposite elec- 
trodes, hierarchical structures); 

(2) to increase the contact surface area between the elec- 
trode and the electrolyte and to protect the electrolyte from 
decomposition by catalytic reactions with the electrodes; 

(3) to decrease the transport path length for both electrons 
and ions by using carbon as structuring agent while maintain- 
ing its conductive function (e.g., highly functionalized carbon 
structures). 

There are numerous review papers that cover different 
topics in the development of electrochemical energy storage 
with respect to Li-storage It9 ~ 211 and to electrical charge stor- 
age. 122 " 251 This Review highlights the most important related 
works and achievements for electrochemical energy storage 
published in last few years as well as relevant activities on the 
same topic within the "EnerChem" network of the Max Planck 
Society. We focus on the materials science of nanocarbons and 
carbon nanocomposites used as electrodes in Li-ion batteries 
and supercapacitors. Current challenges and future strategies 
will be discussed. Some other important issues on electro- 
chemical energy storage, such as device engineering or elec- 
trolytes, are not the topic of this Review. 

2. Lithium-Ion Batteries 

Li-ion batteries are one of the great successes of modern ma- 
terials electrochemistry. Although such batteries are already 
commercially available and used in portable systems such as 
notebook computers, cellular phones and digital video cam- 
eras, the recent demands for new, low-cost, and environmen- 
tally friendly energy conversion and storage systems sets high 
standards, requiring batteries with high energy and power 
densities, long cycle life, and good safety. 126, 271 

This is reflected in the huge volume of research activity in 
many laboratories around the world, working on more effec- 
tive electrode materials and electrolytes as well as studying 
the ion transport mechanisms and developing more reliable 
device technologies (see Table 1). 

A Li-ion battery consists of two electrodes [an anode (nega- 
tive) and a cathode (positive)] that are capable of reversibly 
hosting Li in ionic form (Figure 4). The electrolyte typically con- 
tains lithium salts dissolved in an organic carbonate solution, 
for example a solution of LiPF 6 in ethylene carbonate-diethyl- 
carbonate. It should be a good ionic conductor and electronic 
insulator. The electrodes in a Li-ion battery are separated by a 
porous polymer membrane. The storage capacity of a battery 
is given by the amount of Li that can be stored reversibly in 
the two electrodes. During the charging process, Li ions are ex- 
tracted from the Li^yMOj electrode and simultaneously insert- 
ed into the graphitic carbon electrode, coupling with negative- 
ly charged electrons to keep overall charge neutrality. During 
the discharging process, Li ions are reversibly extracted from 
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Figure 4. Schematic illustration of an intercalation -type Li-ion battery in a 
charging process with graphite as the anode and U^MOj as the cathode 
(M = metal). SEI is the abbreviation for Solid-Electrolyte-Interphase. Adopted 
from Ref. {2], Copyright 2008, Elsevier. 



the negative electrode and simultaneously inserted into the 
positive electrode. The Li ions have to shift back and forth 
easily between the storage hosts of the cathode and anode 
(this is the origin of the so called "rocking chair" or "shuttle 
rock" notation of this kind of Li-ion secondary battery). The 
electrochemical insertion-extraction process is a solid-state 
redox reaction involving electrochemical charge transfer cou- 
pled with the insertion-extraction of mobile guest ions into/ 
from the structure of the electronic and ionic conductive solid 
host. Typical discharge chemical equations are: 



Li x C->C + xLi + -Me" 

Li^MO, -f x Li+ + x e' — l\ x+y M0 2t (x + y = 1 ) 



0) 
(2) 



The charging process is the reverse of these equations. In 
the ideal case, the structural features of the host materials 
should remain unchanged during and after the insertion/ex- 
traction of the guests resulting 
in a long cycling life. In practice 
initially a large number of addi- 
tional irreversible reactions 
occur They are associated with 
structural phase transformations 
of the electrodes and chemical 
processes related to the Li ion 
transport. The number of such 
additional reactions and there- 
fore the capacity fading caused 
by such reactions decreases 
with each cycle. By using graph- 
ite or nanocarbon as the host, 
capacities of 250-800 mAhg" 1 
have been achieved. Alterna- 
tives with even higher capaci- 
ties are Si, Ge, or some metals 
and alloys. 

The operating voltages of Li- 
ion batteries, typically 3.6-2.5 V, 



are close to the stability limits of both the electrolyte and the 
oxide electrodes.* 291 The formation of free metallic lithium by 
destruction of the overcharged electrode materials is possible, 
as is the formation of polymers from decomposition of the 
electrolyte. Polymers with or without Li metal deposits at the 
solid/electrolyte interface modify the ideal electrode-electro- 
lyte contact in a manner that is difficult to predict. This is of 
critical relevance because it is speculated that this poorly de- 
fined interface is the geometric location where Li loses or re- 
ceives electrons during the discharge-charge operations.* 301 An- 
other poorly understood issue is the exact nature and form of 
the Li ions during transport, as they tend to be solvated and 
may even form clusters in the electrolyte. Operation of the 
system is impaired if any of these species associated with 
naked Li ions are co-intercalated into the electrode materials. 
The role of such surface-deposited solid electrolyte interface 
materials and the kinetic management of these processes re- 
mains poorly understood. 

Intercalation of Li ions is only one of the possible storage 
mechanisms of Li in its charged form. The storage of one Li 
atom between every six C atoms is only valid for graphite (Fig- 
ure 5a). This LiC 6 stoichiometry permits to graphite a storage 
capacity of 372 mAhg" 1 ; a value lower than other anode mate- 
rials. 1311 However, this low storage capacity results in only a 
small volumetric change of about 10% and allows for a life of 
at least 500 cycles, depending on the current rate used. In gen- 
eral, the storage of Li in carbon materials can be described as: 



6C + xLi + +xe" ^ u x C 6 



(3) 



For graphite the capacity index x is almost equal to 1 . Even 
in the most crystalline form of graphite [highly oriented pyro- 
lytic graphite (HOPG)j there is some residual Li left upon dein- 
tercalation, associated with the interlayer defects in the materi- 
al. The intercalation of Li into graphite has been studied exten- 
sively and both the mechanism of intercalation, as well as the 




Figure 5. a) Storage mechanisms of Li ions in graphite, b) Li storage in form of Li, covalent molecules as proposed 
by Sato et a I.™ c) Schematic model of U storage in cavities and nanopores according to Ref. [35]. d) Dahn's 
model of U adsorption on the two sides of an isolated graphene sheet.™ Reproduced with permission from 
Ref. [35]. 
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electronic host-guest Interactions, are well understood. 132, 331 
For nongraphitic C with a low storage capacity x is in the 
range 0.5-0.8; whereas for nongraphitic C with an exceedingly 
high storage capacity x= 1.2-3.0. 134,351 This high value makes 
such carbons very tempting. However, such high values are 
obtained when the potential is close to 0 V vs. Li/Li + . This is 
not beneficial towards safety for high power applications, such 
as in electric vehicles. An important part of Li is in a pseudo- 
metallic state. 136,371 For nanostructured carbons with very high 
specific surface areas, it is suggested that the storage capacity 
can be increased through the formation of Li 2 molecules be- 
tween layers (Figure 5 b), m by the presence of charged Li + 
clusters in the cavities (Figure 5 c)/ 351 in the micropores, or in 
the inner space of CNTs, through the adsorption of Li ions on 
the surface and edges of graphite grains. For single-layer 
carbon Li may adsorb on both sides of graphene (Figure 5d). A 
more detailed discussion about Li storage in carbon nanostruc- 
tures can be found in a recent review paper by Kashkedikar 
and Maier. I6] These authors also propose Li storage in carbon 
vacancies as a further variant. In many cases the Li storage ca- 
pacity can be increased due to the presence of hydrogen. 139, 401 , 

High-performance Li-ion cells exhibit a cell voltage of up to 
4.5 V and, depending on the type or purity of the electrolyte, 
may operate beyond the electrochemical stability window of 
the organic electrolytes used. This causes electrolyte decompo- 
sition inhibited only by kinetic reasons and, hence, is difficult 
to control. During the charging process electrolyte reduction 
produces solid electrolyte interphase (SEI) films at the negative 
electrode (see Figure 4). SEIs are porous, electronically insulat- 
ing structures that hinder further electrolyte reduction while 
acting as a membrane for the active charge carrier. The forma- 
tion of SEIs is associated with the irreversible consumption of 
both Li ions and the electrolyte. The process of their formation 
is detrimental to the specific capacity of the battery. However, 
stable SEIs stabilize the cycle life once formed. The formation 
of SEIs is influenced by the properties of the anode material, 
including surface area, surface morphology, and surface chemi- 
cal composition. Much is known, but little is actually under- 
stood about the SEI, and many fundamental questions (forma- 
tion details, chemical and phase composition, dynamic behav- 
ior during charging-discharging, electrical and transport prop- 
erties) remain unanswered. 1261 An important challenge related 
to nanostructured carbons is the fabrication of a surface layer 
on electrodes prior the use in batteries. This surface layer 
should exhibit the positive effects of the SEI hindering the de- 
composition of the electrolyte. Such a material would allow for 
an electrode that combines a high reversible capacity with a 
good cycling stability of Li ion batteries. 

2.1 Nanostructured carbon materials 
2. 7. 7 Carbon nanotubes 

2.1.1.1 Carbon nanotubes as active materials for electrodes 

CNTs are the most representative nanocarbons and have been 
claimed to exhibit outstanding electrical properties, strong me- 
chanical strength, high chemical stability, high aspect ratios, 



and high activated surface areas. The potential of CNTs as elec- 
trodes in Li-ion batteries has been proposed and tested by 
many research groups as early as the 1990s. 141 " 461 The reported 
Li storage capacities exceeded the values for the LiC 6 composi- 
tion observed for graphite. Li ions can be stored in electrodes 
comprising CNTs via the following different ways: 

(1) intercalation (LiC 6 stoichiometry); 

(2) adsorption and accumulation on the outer surface; 

(3) adsorption and accumulation in the inner channel when 
CNTs are open; 

(4) storage in the void space between bundles of tubes. 

In addition, the Li storage in CNT materials can be increased 
through: 

(5) adsorption on the surface of CNTs via reaction with hetero- 
atoms or functional groups; 

(6) storage as in (1), (2), (4) and (5) in/on the graphitic or 
amorphous co-components in CNT materials (intended or 
unintentional from impurities). 

Figure 6 shows the discharge (Li insertion)/charge (Li extrac- 
tion) curves of an electrode comprising CNTs with highly or- 
dered graphitic structure, cycled in 1 m LiPF 6 ethylene carbon- 




Figure 6. Galvanostatic discharge {U insertion, voltage decreases)/charge (Li 
extraction, voltage increases) curves of CNT sample cycled at a rate of C/5 in 
1 m LiPF 6 in EC/DMC solution (courtesy of Dr. Yongsheng Hu, PR China) 

ate (EC)/dimethyl carbonate (DMC) (1:1 by volume) at a rate of 
C/5. Flat plateaus can be observed at low voltages in the dis- 
charge and charge curves, and were ascribed to Li intercala- 
tion-deintercalation between graphitic layers. Sloped regions 
in the discharge-charge curves are also observed and were as- 
cribed to Li via other mechanisms mentioned above. X-ray dif- 
fraction (XRD) and Raman measurements revealed ordered 
graphitic and disordered structure features of the used CNTs. A 
large irreversible capacity was observed in the first discharge 
and charge process, which is due to the formation of an SEI. 
The first charge capacity is about 360 mAhg" 1 and the reversi- 
ble capacity stabilizes at 350 mAhg"' after 20 cycles. It is obvi- 
ous from Figure 6 that a significant part of capacity is not ob- 
tained at a constant potential. At constant voltage, the capaci- 
ty is only 200 mAhg"'. 

In fact, the performance of CNTs in Li-ion batteries as shown 
in Figure 6 is only an exception for CNTs with well-graph itized 
wall structure. The diversity of CNTs in microstructure and tex- 
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ture as well as surface functionality combined with the multi- 
ple storage mechanisms render reported Li storage capacities 
highly variable, but usually with a huge irreversible capacity 
and hysteresis. The Li intake can be as high as 1400 mAh g~' 
or only a few hundred mAhg" 1 , with rather different irreversi- 
ble and reversible capacities (see Table 2 for details). This is ex- 
pected as the above-mentioned storage mechanisms are 
strongly dependent on textural parameters and the degree of 
graphitization. There are some major aspects of CNTs that 
need to be taken into account when used as electrode materi- 
als 

An essential aspect of CNTs with regard to their application 
in Li-ion batteries is the texture. Mass-produced commercially 
available CNTs are defect-rich, both on the surface and in the 
bulk. 1471 Figure 7 compares the microstructure of a defect rich 
CNT (Figure 7a) with a CNT with well-ordered graphitic wall 




Figure 7. High-resolution TEM images of CNTs with a) defect-rich surface and 
walls and b) well-ordered graphitic walls. 



(Figure 7 b). A higher density of defects increases the Li-storage 
capacity. Treatments (e.g., ball-milling the CNTs) that increase 





Sample 


Capacity (mAhg" 1 ] 


Test conditions 






Ref. 




Reversible 


Irreversible 


Voltage [V] 


Scan rate 


Electrolytes 




MWCNTs 


220-390 


370-870 


0.02-3 


30 mAg-' 


lMLiPF« in EC & DEC (1:1 v/v) 


143] 


SWCNTs 


ca. 460 


ca. 1 200 


0.01-3 


20 mAg' 1 


1 m LiPF 6 in EC & DMC (1:1 v/v) 


[44] 


CNFs 


160-450 


80-250 


0-2 


0.2 mAcm" 2 


1m UPF 6 in EC & DMC (1:1 v/v) 


[45] 


MWCNIS 


ca. 250 


ca. 250 










SWCNTs 


ca. 600 


ca. 1400 


0-3 


50 mAg -1 


1 m LiCI0 4 in EC & DMC (1 :1 v/v) 


[46] 


Rati millinn CU/(*WTc 

Doll mining jwi_inis 


ca. 1000 


ca. 600 










CNTs 


300-650 


875-900 


0.005-2.8 


20 mAg -1 


1m LiCI0 4 in EC & DEC (1:1 v/v) 


[50] 


^.INrSsi'v.iN IS 


400-430 


300-330 


0.01-3 


C/5 


1m UPF 6 in EC & DMC (1:1 v/v) 


[76] 


BCNTs 


ca. 320 




0-2 




1 m LiPF 6 in EMC & DMC (1:1 v/v) 


[60] 


CMK-3 


850-1100 


2000-2250 


0.01-3 


100 mAg - ' 


1m LiCI0 4 in EC & DEC (1:1 v/v) 


[81] 


HPCM-700 


500-900 


680-1080 


0.01-3 


C/5 


1 m LiPF 6 in EC & DMC (1:1 v/v) 




Si@SiOx/C 
Si@SiOx/C 


100-1600 
1100-1200 


1050-2550 
1000-1100 


0.05-1 


150 mAg"' 


1 m LiPF 6 in EC & DMC (1:1 v/v) 

1 m LiPF 6 in EC &DMC (1:1 v/v.) + 2 wt% VC 


[119] 


Si@C 


2750-3150 


500-900 


0-1.5 


as 


1m LiPF 6 in EC & DMC (1:1 v/v) 


[121] 


Sn/Mn/C 


50-600 


100-550 


0-1.3 


37.2 mAg"' 


1m LiPF 6 in EC & DEC (3:7 v/v) 


[140] 


C/SnPs 


520-600 


430-350 


0.01-3 


as 


1m LiPF 6 in EC & DMC (1:1 v/v) 


[104] 


Sn/C 


100-170 


530-600 


0.0-2.0 


50 mAg"' 


1 m LiCI0 4 in EC & DEC (1 :1 v/v) 


[108] 


Sn/MSPC 


350-450 


750-850 


0-2 


a20 


1 m UPF 6 in EC & DMC (1 :1 v/v) 


[110] 


CojO^C 


700-900 




0.02-3.0 


a3o 


1m LiPF 6 in EC & DMC (1:1 v/v) 


[128] 


co 3 cyc 


ca. 900 


ca. 380 


0-3 


as 


Im LiPF 6 in EC & DMC (1:1 v/v) 


[130] 


VA/CTIT 


80-280 




2-4 


a40</2.5 


1m UPF 6 in EC & DMC (1:1 v/v) 


[137] 


3DOM 


150-300 


400-550 


0-2 






3DOM/Sn 


180-260 


20-100 


1.52-15.2 mAg" 


1mUPF 6 in EC & DMC (1:1 v/v) 


[141] 


Fe 3 0 4 -C 


500-800 


200-500 


0-3 


a2 


1 m LiPF 6 in EC & DEC & DMC (1 :1:1 m/m/m) 


[142] 


MnCyCNT 


500-1100 


1100-1700 


0.02-3.2 


50 mAg"' 


1m LiPF 6 in EC & DMC (1:1 v/v) 


[139] 


Si 70 Sn3o/C 


1300-2050 


500-1250 


0-1.2 


0.2 C 


1.1 m LiPF 6 in EC & DMC (1:1 v/v) 


[143] 


Si/C 


450-550 


650-750 


0.05-1.2 


300 mAg"' 


1 m LiPF 6 in EC & DMC (1:1 v/v) + 2 wt% VC 


[144] 


MWCNT@m-Si0 2 


350-450 


1 70-270 


0.25-2 


33.3 mAg"' 


1 m LiPF 6 in EC & DEC & DMC (1:1:1 m/m/m) 


[145] 


SnSb-CNT 


500-700 


700-900 


0.05-1.5 


100 mAg"' 


1.lMl_iPF 6 in EC & DMC (1:1 v/v) 


[146] 


CNT@SnO r Au 


620-750 


1000-1130 


0.01-1.2 


0.18 Ag-' 


1mUPF 6 in EC & DEC (1:1 m/m 


[147) 


B-MWNTs 


165-175 


100-110 


0-2.5 


50 mAg' 1 


1mLiCI0 4 in EC & DEC (1:1 v/v) 


[159] 


Sn02 film 


450-580 










Sn0 2 nanofiber 


700-760 




0.2-0.9 


0.32 mAcm -2 


1 m LiCI04 in EC & DEC (3:7 v/v) 


1103] 


Ge film 


850-1420 


980-1550 


0-1.5 








Ge nanocry 


1700-1800 


650-750 


375 mAg" 1 


1.0 m LiPF 6 in EC & DMC (1:1 v/v) 


[125] 


TiO,-R15 


210-260 


110-160 










TiO 2 -R30 


140 


190 


1.0-3.5 


0.05 Ag" 1 


1 m LiCi0 4 in EC & DMC (1:1 v/v) 


[132] 


71Oj-R300 


50-60 


50-60 








rutile TiOj-FGS 


170 




1.0-3.0 


1C 


1m UPF 6 in EC & DMC (1:1 v/v) 


[135] 


GNS 


300-500 








GNS + CNT 


500-700 




0.1-3.5 


0.05 Ag" 1 


1m LiCI0 4 in EC & DEC (1:1 v/v) 


[80] 


GNS + C60 


600-800 








[a] A two-electrode system, in which Li metal was used as the counter and reference electrode simultaneously, was most often used. 
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defect density and reduce the length of CNTs can change their 
performance as electrode materials. 1481 A complex and open in- 
terface of defective CNTs may facilitate the initial insertion of 
Li, however during discharge the removal of Li proceeds highly 
retarded and results in an overvoltage higher than 3 V (Fig- 
ure 8a). 1491 This is direct proof that some Li ions are not interca- 
lated between the graphitic layers in CNTs, because intercala- 
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Figure 8. Charge-discharge characteristics of U insertion into a) multiwalled 
CNTs treated at 900 °C and b) multi-walled CNT heat treated at 2000 °C at a 
current of 17 mAg~\ Adopted with permission from Ref. [49]. Copyright 
1999, Elsevier. 



tion and deintercalation proceed with a low voltage profile. 
The local turbostatic disorder arising from the highly defective 
structure plays a significant additional role in both specific ca- 
pacity and cycle life for Li-ion storage. 1501 

Carbon materials can contain heteroatom species (e.g., hy- 
drogen). Functionalization of CNTs with other atoms produces 
various functional groups, changing the surface properties of 
CNTs. 151 " 541 The oxidative "purification" of nanocarbons, de- 
signed to enhance their CNT content, is unintentionally also a 
poorly selective functionalization process that affects the 
whole surface and provides oxygenated species with a wide 
variety of reactivity on the CNTs. l55} The very popular reagent 
nitric acid is a strong etchant for CNT surfaces and leaves a 



high concentration of reactive surface acidic functions on the 
surface, 1563 increasing the specific surface area of commercial 
carbon materials and therefore resulting in changes in electro- 
chemical performance. 1571 The effect of oxygenated species on 
electrochemical performance can be significant. 1585 For exam- 
ple, surface C-O-H groups adsorb Li through formation of C- 
0"Li + , resulting in a large hysteresis (i.e., the divergence be- 
tween insertion potentials and extraction potential) between 
electrochemical insertion and deinsertion of Li (Figure 8 a). The 
loss of reversible storage capacity could, through the forma- 
tion of surface Li-salts, be as high as several hundreds 
mAhg~\ In this sense, functional groups are considered to be 
harmful for the performance of Li batteries. It should be men- 
tioned here that the quantity of, in particular, oxygen species 
is strongly dependent on the texture or defect density of CNTs. 
Therefore, the roles of oxygen-functional groups and of CNT 
textures in the electrochemical storage of Li-ions are correlat- 
ed. 

Graphitization at high temperature appears to be the only 
way to remove defects and oxygen species from CNTs. This de- 
creases the specific charge capacity, but increases the Columb- 
ic efficiency and cycle stability. Figure 8 shows that less-graphi- 
tized CNTs with 12 at% oxygen on the surface exhibit a high 
specific charge capacity of 640mAhg" 1 during the first cycle. 
In contrast, the well-graphitized CNTs with nearly no oxygen 
remaining show a low charge capacity of 282 mAhg" 1 during 
the first cycle. After 20 charge-discharge cycles, the charge ca- 
pacity of the less-graphitized CNTs fades to 65.3% of their orig- 
inal charge capacity, but the well-graphitized CNTs maintain 
91.5% of their original charge capacity as a result of their 
stable structure (Figure 8 b). I,,49] Doping CNTs with B atoms can 
increase the Li-ion uptake, but there was no significant im- 
provement in cycle life and Coulumbic efficiency. 1591 

Apart from the microstructure, the morphology of CNTs 
plays a pivotal role in Li-ion storage. Bamboo-like CNTs as elec- 
trode materials show a performance different from common 
CNTs. 1601 Open CNTs exhibit large surface areas; the inner wall 
and the inner tubular space are available for electrochemical 
sorption of Li. An increase in the first discharge capacity in the 
open CNTs was observed. 1611 Interestingly, the difference be- 
tween the reversible capacity of closed and open CNTs is less 
significant. The main consumption of Li during first cycle could 
be assigned to the more pronounced SEI layers on electrodes 
comprising open CNTs. Another factor presently limiting the 
use of CNTs as electrode materials concerns their physical 
nature: CNTs are generally supplied as loose particles. As much 
as 30 wt% polymer binder has to be used to form an electrode 
using CNTs as main constituent. There are many more creative 
methods to formulate CNTs in such a way that a percolating 
electrical path and a sufficient void space for a large electrode- 
electrolyte interface exists. The strategy towards such useful 
nanocarbon forms is hierarchical assembly, which can be done 
by various bottom-up synthetic strategies. 162 ' 641 It is only men- 
tioned here that one major factor that was previously believed 
to limit the application of CNTs in Li-ion batteries is disappear- 
ing: the cost of CNTs as base material is ceasing to be prohibi- 
tive for mass application. 
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2.1.1.2 Carbon nanotubes as additives in electrodes 

Because of their one-dimensional structure and large aspect 
ratio, CNTs easily form a network by entanglement. Together 
with their excellent electric and thermal conducting properties 
as well as high mechanical strength, CNTs are used as the fillers 
or additives of choice for electrode materials, improving their 
electrical and thermal conductivity and mechanical stability to 
sustain volume changes during the charge and discharge pro- 
cesses. 165 " 671 Additionally, penetration of the electrolyte is also 
favorable. This is currently the only commercialized use of CNTs 
in Li-ion batteries. 141 

The texture of such a composite anode, as shown in 
Figure 9, exemplifies the value of CNTs but clearly shows the 
long way that is still to go before arriving at a suitable and 




Figure 9. SEM image of a carbon anode in a commercial cell in which multi- 
walled CNTs were used as additive. Adopted from Ref. [72]. Copyright 2001, 
Elsevier. 



stable electrode. The authors speculate that a complete 
bottom-up approach, in which the synthesis of a hierarchically 
structured carbon through combining CNTs with a reactive or- 
ganic matrix to form the final electrode, is the most appropri- 
ate approach. This can, however, only be done in a rational 
manner if we optimize the structure, texture, and surface 
chemistry of the CNTs with full knowledge of the other reac- 
tion partners. Both an integrated synthesis strategy (requiring 
close collaboration between polymer and inorganic carbon 
chemistry) and a controllable reaction process technology will 
be required. 

2. 1.2 Carbon nanotlbers 

Carbon nanotlbers (CNFs) are also graphitized 1D carbon nano- 
structures (Figure 1 d) with or without a tubular channel. The 
graphitic layers of CNFs can be inclined at any angle with re- 
spect to the fiber axis. Their structure arises from the stacking 
of very small graphene basic structural units to a tower-like 
morphology, and not from wrapping large graphene units in a 
tubular structure. This difference is not obvious from any sche- 



matic and low-resolution microscopic images. CNFs are mostly 
fabricated by chemical vapor decomposition of hydrocar- 
bons. 168 ' 691 

2.1.2.1 CNFs as active materials for anodes in Li-ion batter- 
ies 

The Li storage mechanism in CNFs is similar to that in CNTs. A 
critical issue is the enormous exposure of prismatic faces (Fig- 
ure 1 d) to the electrolyte, allowing for very facile intercalation 
but on the other hand creating a stability problem, as the 
towers of the graphene unit may lose contact and the CNFs 
may break easily. CNFs also exhibit a performance as electrode 
materials similar to CNTs depending on their microstructure/ 
morphology. 1701 CNFs of high graphitization degrees showed 
capacities of 297-431 mAhg' 1 , especially in the low potential 
region. However, the low first-cycle Coulombic efficiency of ca. 
60% is a problem to be solved. Although the product costs for 
CNFs decrease now, electrodes consisting of CNFs are still not 
competitive, neither in prices nor performance, with those con- 
sisting of graphite. The only commercialized application of 
CNFs in Li-ion batteries at present is the use as filler or as addi- 
tive, where the problem of stability is solved through their in- 
corporation in a matrix. 171,721 

Recently, porous CNFs prepared by electrospinning of bi- 
component polymer solutions, followed by thermal treat- 
ment, 173 " 751 were explored as Li-ion storage materials. The elec- 
trospun nanotlbers exhibited thin web morphologies. Porous 
CNFs could be collected in the form of porous mats and used 
directly as anodes in a Li-ion battery without adding any poly- 
mer binder or other additives. The charge and discharge ca- 
pacities were as high as 858 and 566mAhg~\ respectively, 
during the first cycle. 1751 A large irreversible capacity of about 
292 mAhg" 1 was obtained, leading to a relatively low Coulom- 
bic efficiency of about 66%. High reversible capacities greater 
than 400 mAhg" 1 were obtained for long cycling life, higher 
than those of nonporous CNFs. The main advantage to using 
electron spun CNTs as electrode materials is that the electrodes 
are free from binder/conductive additives. 

2.1.2.2 CNF-CNT composites 

Nanocarbons with poor graphitic structures exhibit a high ini- 
tial storage capacity, but have a large irreversible loss of Li ions 
and suffer from volumetric changes during charging-discharg- 
ing. This can cause exfoliation and disintegration of electrodes 
and, thus, break-down of the SEI during cycling. As a conse- 
quence, the irreversible loss of capacity is not only limited to 
the first few cycles but occurs continuously, reducing the cycle 
life of the battery. On the other hand, carbon materials with a 
highly graphitized structure show only small volume changes 
during charge-discharge cycling, are mechanically stable, and 
robust when used as anodes. A combination of these two 
carbon materials would ideally increase the storage capacity 
and improve the cycle life, as evidenced by a recent work by 
Zhang et al. using well-graphitized CNTs (50 nm in diameter) as 
nanocontainers to confine CNFs with increased storage capaci- 
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Host CNTs 0.5% Co@CNTi CNFi^CNTs 



Figure 10. Sectional drawing of the synthesis route to CNFs@CNTs. Reprint- 
ed with permission from Ref. [76]. 

ty (5-6 nm in diameter) F 6] The nanoarchitecture concept is 
shown schematically in Figure 10. 

For this purpose, CNTs with a highly graphitized wall struc- 
ture were used. CNFs encapsulated in a CNT composite (denot- 
ed as CNFs@CNTs in the following) were synthesized by (1) se- 
lective deposition of the active metal (Co) in the channel of 
the CNTs, and (2) growth of CNFs via catalytic chemical vapor 
deposition (CCVD; Figure 10). Such a synthesis protocol is one 
example of the hierarchical ordering of nanocarbons allowing 
the combination of otherwise conflicting properties, such as 



high storage capacity, high mechanical stability, and good elec- 
trical contact. The electrochemical performance of CNFs@CNTs 
in 1 m LiPF 6 EC/DMC (1:1 by volume) electrolyte at a rate of O 
5 is given in Figure 11a. In both discharge and charge curves 
extended flat plateaus can be observed. Clear reduction and 
oxidation peaks, corresponding to Li intercalation-deintercala- 
tion into graphene layers, can be identified in the cyclic vol- 
tammogram curve (Figure 11 b). Highly noteworthy is the ex- 
cellent cycling performance of this composite in a propylene 
carbonate (PC)-based electrolyte (Figure 11 c). PC is considered 
as a safe and low-temperature electrolyte, 135,771 but tends to co- 
intercalate into graphite. This results in severe exfoliation of 
graphite layers and thus destruction of the graphite structure. 
The CNFs@CNTs composites also exhibit a superior stability to- 
wards high Li storage capacity. During 120 cycles, the reversi- 
ble capacity of CNFs@CNTs remained approximately constant 
at around 410 mAhg" 1 for a potential region 0-3 V. Consider- 
ing only the plateau region in Figure 11 a, the reversible capaci- 
ty was 200 mAhg -1 and would still need to be improved for 
realistic applications. Enhancing the discharge-charge rate 
from C/5 to 1C, the reversible capacity remained higher than 




Specific capacity / mA h g _1 Cycle number 

Figure 11. a) Galvanostatic discharge-charge curves of CNFs@CNTs that were cycled at a rate of C/5, and b) cyclic voltammogram at a scan rate of 0.1 mV/s 
in 1 m LiPF 6 in EC/DMC solution, c) Galvanosatic discharge/charge curve cycled at a rate of C/5 in 1 m LiPF 6 in PC solution, d) Stability test of CNFs@CNTs at a 
rate of 1 C in 1 m LiPF 6 in EC/DMC solution. Reprinted with permission from Ref. [76]. 
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300 mAhg" 1 over 50 cycles (Figure 11 d). The obtained stability 
of CNFs@CNTs over less-graphitized carbon materials mainly 
arose from steric hindrance effects. The compact structure was 
able to suppress the diffusion of large electrolyte molecules 
over the defective walls. 

The CNFs@CNTs composites give an example of carbon ma- 
terials with a hierarchical nanoarchitecture, combining two or 
more building blocks in a desired fashion, in which the advan- 
tages of each unit are explored while the disadvantages are 
suppressed. In contrast to the frequently promised very high 
storage capacities of nanocarbons, one observes here a stor- 
age behavior comparable to that of good graphite. Graphite is 
however less sensitive to cycling kinetics. This sensitivity is re- 
duced in CNFs@CNTs due to the nanostructuring and the 
highly accessible nature of the system. There is room for sub- 
stantial improvement of the capacity and the storage kinetics 
through dimensional optimization and through improvement 
of the structural ordering of the storage medium by optimizing 
the deposition kinetics and by changing the catalyst system. 

2.1.3 Graphene 

Graphene, the new star in nanoscience and nanomaterials, is a 
two-dimensional carbon sheet of one atom thickness repre- 
senting the basic structural unit of graphite. It is easy to under- 
stand that a free standing graphene sheet can afford two sur- 
faces (front and back) for hosting Li ions (via adsorption rather 
than intercalation; Figure 5 d). Graphene materials obtained by 
exfoliation of graphite exhibit a large surface area and more 
prismatic edge sites anchoring functional groups through the 
preparation procedure. The aggregation of graphite structural 
units or graphenes in an irregular fashion creates more void 
spaces. Some works have been dedicated to graphene and 
graphene-based materials as electrode for Li ion batteries, as 
highlighted in a recent paper of Liang and 2hi. i7ai Anodes pre- 
pared from chemically synthesized graphene nanosheets deliv- 
ered a specific capacity of 945 mAhg" 1 in the initial discharg- 
ing and a reversible capacity of 650 mAhg" 1 in the first charg- 
ing. 1791 A specific capacity of 540 mAhg -1 was also reported 
using graphene nanosheets (thickness 3-7 nm) obtained by 
the chemical reduction of exfoliated graphite oxide as anode 
materials. 1801 The incorporation of reduced graphene oxide with 
CNTs or Qo further improved the capacity to 730 and 
784 mAhg" 1 , respectively. The presence of functional groups 
on the perimeter of the graphene sheets can also enhance the 
Li storage capacity, 1811 

All of the reported values are significantly higher than that 
of graphite. However, the graphene electrode exhibits some 
major disadvantages that hinders its application in Li-ion bat- 
teries: (1) the irreversible capacity is very high at the first cycle 
(Figure 12); (2) the discharge capacity continuously decreases 
with the increasing cycle number (although the loss is not as 
large as in the first cycle, and the specific capacity, e.g., 
460 mAhg" 1 after 100 cycles, 1791 is still larger than that of 
graphite); (3) the galvanostatic charge curve does not exhibit a 
plateau, as is shown in Figure 12. The chemical interaction of 
Li with graphene, leading to a finite charge transfer that is 
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Figure 12. Charge and discharge curves of graphene nanosheets as anodes 
in Li-ion cells. The inset is the cyclic voltammograms of graphene nanosheet 
electrode. Adopted with permission from Ref. [79). Copyright 1999, Elsevier. 

strongly dependent on the concentration of the Li with respect 
to the carbon mesh, is another unresolved issue. 

Whether or not graphene can be really used as electrode 
material is highly questionable. Graphene is defined as a two- 
dimensional carbon sheet of one atomic thickness. The above 
mentioned "graphene" does not adhere to that definition, but 
is rather a nanographite with a thickness of up to several 
nanometers. These are well-known in the carbon community, 
describing the structure of carbon black or soot. 1821 Such mate- 
rials are not graphene but represent a class of carbon-carbon 
composites with a complex hierarchical structure, providing 
nanometer-scale dimensions well-suited for transport process- 
es occurring during battery operation. The intrinsic electronic 
properties of graphene play no role in this application and 
should not be considered in relation to such materials. Finally, 
one has to consider the possibility of the macroscopic connec- 
tivity and the current collection limiting the electro-kinetic 
properties of such a system. 

2.1 .4 Ordered mesoporous carbon 

An essential issue to improve the rate performance is the opti- 
mization of the ion transport pathways, without sacrificing 
electron transport, as the chemical diffusion of Li ions within 
the bulk electrode materials may be a rate-limiting step. 183 ' 841 A 
design of a hierarchy of transport routes within the storage 
medium is desirable. Ordered mesoporous carbon (OMC) mate- 
rials can be synthesized by the carbonization of suitable 
carbon precursors inside silica or aluminosilicate mesopores 
followed by the removal of the template. 185,861 Zhou et al. re- 
ported an electrode of OMC [average pore size: 3.9 nm, Bruna- 
uer-Emmett-Teller (BET) surface area: 1030 nr^g" 1 ] with enor- 
mous capacity for Li storage. 1811 It displayed a Li extraction po- 
tential in the range of 0.1-0.5 V, and delivered an initial Li stor- 
age capacity of 3100 mAhg" 1 , corresponding to a lithiated 
composition of Li M Q. A reversible capacity of 850- 
1100 mAhg" 1 , corresponding to LijQ chemistry, was observed 
at a constant current density of 100 mAg" 1 . The enhanced 
electrode performance was believed to arise from the 3D or- 
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dered porous structure. 18 ' 1 The exceedingly high reversible ca- 
pacity (Li x Q: x= 2.3-3.0) is most probably a combination of 
several Li storage mechanisms discussed above. 

Mesoporous materials usually exhibit a very large irreversible 
capacity and hysteresis in the charge-discharge curves. This is 
characteristic of this kind of material, where a too large surface 
area with too much active sites leads to an uncontrollable in- 
teraction at the electrode/electrolyte interface. These intrinsic 
when used in electrochemistry, properties hinder their applica- 
tion in lithium-ion batteries. In addition, SBA-15 templates, 
which are expensive, are usually employed for the preparation 
of OMCs. The obtained OMCs are powders of a small size and 
have a very low density. This could be a second major draw- 
back of this type of materials for industrial applications in port- 
able devices due to the low volumetric capacity. Currently it 
seems that nanomaterials, especially porous materials with 
nanostructure, mainly provide a platform to study some funda- 
mental aspects in electrochemical energy storage, for example, 
the transport limitation, the role of pores, and the electrode/ 
electrolyte interface interaction. 

2. 7.5 Carbon monoliths with hierarchical structure 

Recently, large porous carbon monoliths were fabricated by 
nanocasting using a preformed silica monolith of macroscopic 
size as a hard template and mesophase pitch as a precursor. 1871 
The obtained carbon monolith mimicked the structure of the 
silica monolith template and had a macroscopic form. 18 * 1 The 
mixed conducting 3D network contained large pores with 
sizes up to 4ujn (Figure 13 a) and mesopores of around 
7.3 nm, facilitating the diffusion of electrolyte into the bulk of 
the electrode materials. The well-interconnected carbon wall 
structure also provided a continuous electronic pathway, re- 
sulting in an overall electronic conductivity of approximately 
0.1 ScrrT 1 for Li insertion. At a rate of CIS, the first charge den- 
sity was as high as 900 mAhg -1 for a sample carbonized at 
700 °C. The surface contribution to the capacity was estimated 
to be around 291 mAhg -1 (for a BET surface area of 
330 m 2 g -1 ), explaining the excess capacity in the hierarchically 
porous carbon. 161 

The stationary capacity of around 500 mAhg -1 at C/5 is sub- 
stantially larger than that of pure graphite and also higher 
than the above-mentioned CNFs@CNTs composite. The real 
benefit of the hierarchical monolithic pore structures is the 
high rate performance: at 60 C, the material exhibits a capacity 
of about 70 mAhg" 1 with good cycling properties (Fig- 
ure 13b). These examples illustrate the benefits for materials 
performance when both the chemical and the pore structure 
of an active mesoporous material are optimized. 1891 

The advantage of carbon monoliths compared to other 
OMCs is their macroscopic, instead of powder, form, which is 
easier for handling. 1851 But the presence of macropores togeth- 
er with mesopores renders it a very low volumetric density. So 
the volumetric capacity could be too low for any portable ap- 
plications where volumetric capacity is much more essential 
than the gravimetric capacity. Similar to anodes using gra- 
phene nanosheets, the charge curve of the electrode using hi- 
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Figure 13. a) SEM image of a carbon monolith, b) Rate performance of 
carbon samples carbonized at different temperatures and nonporous carbon 
carbonized from mesophase pitch without template at 700 °C. Reprinted 
with permission from Ref. [87). 



erarchically porous carbon does not have a plateau but rather 
extends steeply from nearly 0 V to almost 3 V, while the dis- 
charge curve shows storage at low voltages. 1811 To which 
degree this is compatible with the storage modes discussed 
above remains to be explained. 161 



2. J. 6 Summary of nanostructured carbon materials for Li-ion 
batteries 

All of the reviewed data of CNTs, CNFs, graphenes, and or- 
dered mesoporous carbons are a good example that some 
caution is needed when very high storage capacities are re- 
ported for nanocarbons. The adsorptive and irreversible parts 
may be superimposed on a much lower reversible storage ca- 
pacity, which is the only relevant property of such an elec- 
trode. The data further shows that strong limitations exist for 
overenhancing the storage capacity compared to the intercala- 
tion value by increasing the outer surface of an electrode. It is 
felt that well-ordered carbon structures are a prerequisite for 
good electrode materials and that great care is needed with 
post-synthetic modifications to enhance the initial Li storage 
capacity. 
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In the literature one often finds a long list of factors that 
affect Li-ion storage, such as porosity, defect density, prepara- 
tion history, chemical purity, and "chemical bonding in CNTs." 
These global parameters are all derivatives of the local chemi- 
cal composition and the distribution of the hybridization expo- 
nent r (between 2 and 3). Only few studies that have con- 
trolled and analyzed this single property exist, and thus no 
clear structure-function correlation yet exists. In addition, the 
role of carbon as a catalyst for electrolyte decomposition in 
the presence of metallic Li has not been studied systematically 
and therefore the results of many studies, including the exam- 
ples shown here, are obscured by the large irreversible effects 
which preclude a solid statement regarding the importance of 
intercalation versus adsorption of metallic Li on nanocarbon 
electrodes. 

It should be pointed out that there is still no standard uni- 
form structure and homogenous morphology available for CNT 
materials. A comparison between electrodes consisting of vari- 
ous kinds of CNTs is nearly impossible, because CNTs produced 
by different manufacturers exhibit different structures and 
properties.* 471 In general, as a result of the numerous Li storage 
mechanisms electrodes that use CNTs do not have a voltage 
plateau, exhibit a large hysteresis, and have irreversible capaci- 
ties. 13,41 ' 50,901 This not only precludes practical applications but 
also prevents a rigorous assessment of their potential in this 
field. The published speculations and projections of the value 
of CNTs in battery technology are by far more advanced than 
the documented performance. This is not due to the inadequa- 
cy of the expectations but merely due to a lack of collabora- 
tion between CNT experts and electrochemists. Here a great 
potential exists for improving the performance of CNTs made 
and formulated suitably for battery applications. 

A major drawback of mesoporous materials (also of CNTs or 
graphene) is the low density. Gravimetric capacities of such 
materials are given in the literature, while the volumetric ca- 
pacity could be more of interest for manufacturers when those 
materials are studied with the aim of applications. The poor 
packing density of electrodes comprising mesoporous carbons 
limits the volumetric energy density because a large propor- 
tion of "inert" components, such as binder or carbon black, has 
to be used. 1153 

2.2 Carbon-based nanocomposites with other elements or 
oxides 

Some metals and semiconductors can react with Li-forming 
alloys, LijA/l^ through electrochemical processes. 135,911 The reac- 
tion is partially reversible and involves a large number of 
atoms per formula unit. The specific gravimetric and volumet- 
ric capacities exceed those of graphite. For example, Li 44 Sn has 
a gravimetric and volumetric capacity of 993 mAhg" 1 and 
lOOOmAhcm" 3 , respectively, versus 372 mAhg" 1 and 
855 mA hem" 3 , respectively, for graphite. The corresponding 
values for Li 44 Si are 4200 mAhg" 1 and 1750 mAhcm" 1 , respec- 
tively. Because of their high theoretical capacity many efforts 
have been made to apply these materials in the design of 
anodes for Li-ion batteries. 1181 The rate capability of the battery, 



defined as its ability to deliver a large capacity when dis- 
charged at high C rates, needs to be improved due to the low 
diffusion rate of Li ions in the solid state. In addition, the ac- 
commodation of such a large amount of Li through electro- 
chemical alloy formation also results in a large volume expan- 
sion-contraction of the host materials. Sometimes multiphase 
transitions occur during Li insertion-extraction processes. The 
volumetric change with large mechanical strain rapidly leads 
to deterioration of the electrode (cracking, crumbling, or even- 
tually pulverization) and causes a substantial loss of capacity in 
addition to a shortened lifetime of only a few charge-dis- 
charge cycles. 1921 

Many research efforts have been devoted to overcoming 
this problem. One approach is to replace bulk with nanostruc- 
tured materials. 193 ' 941 The major advantage of nanostructuring 
such materials is the improvement in rate performance (while 
the safety and cycle life may suffer from this due to the in- 
creased reactivity). Nanostructured materials mitigate the prob- 
lem of slow diffusion because the distance that Li ions must 
diffuse in the solid state is reduced to the size of, say, nanopar- 
ticles. On the other hand, reducing the bulk to nanodimen- 
sions can render the phase transitions that accompany alloy 
formation more facile, 1111 but it cannot reduce the extent of the 
volume change. Carbon-based nanocomposite concepts have 
been successfully developed to limit or reduce these adverse 
effects and at the same time enhance the electron or ion trans- 
port. Carbon permits rapid Li permeation as well as high elec- 
tronic conductivity. Nanocarbon was chosen as one building 
block in the composite due to its manifold morphology and 
mechanical and physical properties, as mentioned above. Thin 
carbon layers can encapsulate metal(oxide) nanoparticles; 1951 
CNTs can be used as support or container for the active materi- 
als; 1763 or the highly electroactive materials can be dispersed 
into a matrix (see Figure 2). 1961 In all of these nanocomposites, 
carbon acts as a confining buffer to ensure the stability of the 
structures and to enhance the electrical conductivity during cy- 
cling. One of the challenges is to disperse active particles with 
as small volumes as possible into the carbon structure buffer 
to ensure that the volume change of the composite is small, 
thereby preventing delamination between binder and filler. 

2.2.1 Sn/C nanocomposites 

Sn-based materials were tested as negative-electrode materials 
due to their high theoretical capacity, but they also exhibit in- 
herently poor cycling stability. 197 " 991 Nanosizing Sn powders by 
laser-induced vapor deposition yielded a first charge capacity 
as high as 904.4 mAhg' 1 . However, a capacity loss occured in 
the initial cycles due to the reduction of Sn0 2 and Ostwald rip- 
ening as well as coagulation of nanoparticles into larger struc- 
tures, which are sensitive to disintegration via cracking arising 
from the large absolute volume changes. 1100 * 1011 High-rate- and 
stable performances over 1400 cycles were obtained on an 
anode of Sn0 2 nanofibers (100 nm in diameter) array template 
on Pt current collector. 1102 - 1031 Because of the brush-like configu- 
rations of Sn0 2 nanofibers, there is room to accommodate the 
volume expansion around each nanofiber. However, the im- 
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proved rate capabilities come at the expense of volumetric 
energy density for the electrode. 1 ' 11 

Encapsulation of Sn nanoparticles with carbon was proposed 
by different protocols. 1104 - 1061 A carbon layer coated onto the Sn 
particles provided sufficient mechanical strength to act as 
structural buffer, preventing disintegration and aggregation of 
Sn. One method is a one-step approach of solid-state pyrolysis 
of allyl triphenyltin (ATP-Sn). l104J ATP-Sn is a Sn-containing com- 
plex with active allyl groups that can be polymerized at rela- 
tively low temperature. 11071 The grain size of the Sn particles is 
below 20 nm and the majority of them are hollow (Figure 14a 
and b). A highly stable and reversible capacity of about 
550 mAhg" 1 was achieved for the prepared composite (Fig- 
ure 14c). This is in contrast to other nanometer-sized Sn/C 
composite materials for which a lower specific capacity of the 
first cycle of 452 mAhg" 1 was reported. 11081 

Besides the strategy of coating hollow Sn nanoparticles with 
a carbon layer, another strategy putting nanometer-sized Sn 
particles into a hollow inactive container. Sn nanoparticles en- 
capsulated with elastic hollow carbon spheres (TNHCs) with 
uniform size (ca. 500 nm) was reported, 11091 in which 5-10 Sn 
nanoparticles (<100nm) were encapsulated in one thin 
hollow carbon sphere (thickness ca. 20 nm). The content of Sn 
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Figure 14. a) Typical TEM image of a Sn/C composite, b) HRTEM of a hollow Sn particle encapsulated in carbon, 
c) Galvanostatic discharge-charge curves of a Sn/C nanocomposite cycled at a rate of C/5 between voltage limits 
of 0.01 and 3 V. The inset shows the cycling performance of the Sn/C nanocomposite. Reprinted with permission 
from Ref. [104]. 



was up to 74 wt%, which resulted in a high theoretical specific 
capacity (831 mAhg" 1 ). The volume ratio of the Sn nanoparti- 
cles and the encapsulated void space was about 1:3, which 
could accommodate the volume expansion during Li insertion. 
For a maximal 4.4 Li uptake, the formed Li 44 Sn alloy occupied 
about 83% of the total inner space of the hollow carbon 
spheres. 1151 As a result, this type of Sn-based nanocomposites 
had a very high specific capacity, larger than 800 mAhg" 1 , in 
the initial 10 cycles, and ca. 550 mAhg" 1 even after 100 cycles, 
as well as good cycling performance. 

A sonochemical process has also been developed for the in- 
sertion of Sn nanoparticles into mesoporous carbon, yielding a 
product which was used as a building block for the anode of a 
rechargeable Li-ion battery. This electrode could deliver a re- 
versible capacity of 400 mAhg -1 at 100% cycling efficiency. 11101 
OMC 11111 and CNTs 11121131 were also reported to be suitable as 
structural buffers for volume changes of Sn nanoparticles 
during repeated lithiation-delithiation. A more complicated hi- 
erarchical Sn/C composite nanostructure was tested for Li stor- 
age. 11141 Although this composite nanostructure was built up 
from several basic nanoscale blocks, the improvement for Li 
storage was less pronounced than observed for the other Sn/C 
composites described above. 

An important issue in forming 
such Sn/C nanocomposites is to 
find an appropriate compromise 
between a high packing density 
of Sn particles and sufficient 
space to buffer the volume var- 
iation. 11151 Recently, Sn@C (Sn 
coated with C layers) nanoparti- 
cles were encapsulated in 
porous multichannel carbon mi- 
crotubes 11121 and in bamboo-like 
hollow CNFs. 11161 The carbon 
fibers or microtubes containing 
Sn precursors were prepared by 
electrospinning techniques, fol- 
lowed by carbonization at high 
temperature. The Sn content 
was as high as 70 wt%. A novel 
feature of the obtained compo- 
sites was the in-situ formation 
of Sn@C encapsulated in the 
CNFs/microtubes. The thin 
carbon layer coated on the sur- 
face of Sn nanoparticles in- 
creased the conductivity and 
additionally buffered the large 
volume change during cycling, 
as described above. The Sn@C 
structure was further encapsu- 
lated in hollow carbon fibers/ 
microstubes that offered ade- 
quate void space to digest the 
large volume change, prevent- 
ing the electrical isolation after 
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prolonged cycle time. In addition the dual carbon protection 
prevented the encapsulated metallic Sn from oxidation, also 
improved the electronic conductivity. For example, when a 
composite of Sn@C encapsulated in CNFs was used as anode, 
a high reversible capacity of 737 mAhg" 1 after 200 cycles at 
0.5 C was obtained. It even exhibited a reversible discharge ca- 
pacity as high as 480 mAhg" 1 when cycled at 5 C. All of these 
performances are superior to the reported Sn@C composites 
used for Li-ion batteries, although the synthetic method is still 
far away from a practical application. 

2.2.2 Si/C and Ge/C nanocomposites 

Si has the ability to store large amounts of Li by alloy forma- 
tion of Li 44 Si with a theoretical capacity of 4200 mAhg" 1 . Gal- 
vanostatic discharge-charge measurements (Figure 1 5 c) show 
that pure Si nanoparticles can deliver very high discharge and 
charge capacities of around 3200 and 1800 mAhg" 1 , respec- 
tively, in the first cycle. However, after several cycles, the ca- 
pacity rapidly decays to 20 mAhg" 1 . When vinylene carbonate 
(VC) was added to the electrolyte, the Si nanoparticles showed 
a slightly better cycling performance. Anodes of Si/C compo- 
sites should combine the advantageous properties of carbon 
(long cycle life) and Si (high Li storage capacity). A reversible 
capacity of about 500 mAhg' 1 was obtained when Si was dis- 
persed in carbon by chemical vapor deposition. 195 ' A better cy- 
cling characteristic than for a conventional silicon anode was 
observed on carbon-coated silicon synthesized by a thermal 
vapor deposition method/ 1171 while carbon-coated Si nanocom- 
posites with high capacities and high Coulumbic efficiencies 
were prepared by a spray-pyro lysis technique. 11181 

In a joint collaboration between three Max Planck Institutes 
in Stuttgart, Golm, and Berlin, an anode using Si@SiO x /C nano- 
composite was prepared by simultaneous coating of pre- 
formed Si nanoparticles in a one-step procedure with a thin 
layer of SiO, and with carbon from the hydrothermal carboni- 
zation of glucose at 200°C. t1191 Compared to the methods men- 
tioned above, this is a simple and low-temperature process to 
prepare a Si/C hybrid nanocomposite. Biomass (glucose) was 
used as the carbon source. The obtained Si@SiO/C nanocom- 
posite (Figure 15a and b) exhibited the desired core/shell 
structure and showed a better cycling performance than pure 
Si nanoparticles (Figure 15 c). However, it still exhibited a rapid 
capacity decay in the VC-free electrolyte. An excellent cycling 
performance was achieved in a VC-containing electrolyte. The 
reversible capacity was as high as 1100 mAhg" 1 at a current 
density of 150 mAg" 1 , with no further decay of capacity even 
after 60 cycles. The reaction of the C surface layer with VC in 
the first cycle formed a SEI film that resisted the harsh defor- 
mation processes when Si nanoparticles were loaded with Li. 

Future work will focus on how the Coulombic efficiency of 
the first cycle can be improved. The Si/C ratio in such compo- 
site materials could play a 
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role in increasing both the 
specific capacity and the 
cycle life of the battery. 
There is still no report on the 



Figure 15. a) Overview of the Si@SiOyC nanocomposites. Inset: TEM image at a higher magnification, showing uni- 
form spherelike particles, (b) High-resolution TEM image of the Si nanoparticles coated with SiO, and C. c) Galvano- 
static discharge-charge curves of pure Si nanoparticles (I, II) and Si@Si(yC nanocomposite (III, IV) electrodes cycled 
at a current density of 150 mAg"' between voltage limits of 0.05-1 V in VC-free (I, III) and VC-containing (II, IV) 1 m 
LiPF 6 in EC/DMC solutions. Reprinted with permission from Ref. [119]. 



1 ' ' — — ^ ■ , ■ , i _ . — ; .. — ~ . ' -~2rr t' jI . ^ 111 , a, ,. i , - . j i , „, a r ^^"-:.-:z,:.r rr^ 

1 50 www.chemsuschem.org © 2010 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemSusChem 2010, 3, 136- 168 



Nanostructured Carbon Materials for Electrochemical Energy Storage Applications 



REVIEWS 



optimal Si loading in a carbon matrix, rendering a night capaci- 
ty and a long cycle life. Works on the optimization of these 
materials in order to achieve the optimal electrochemical per- 
formance are still needed. The irreversible capacity loss of the 
reported work is too large. 

A porous Si/C nanocomposite was synthesized by adding Si 
nanoparticles to a process for fabricating a hierarchical carbon 
monolith. l120) Elsewhere, mesoporous Si/C nanowires were pre- 
pared by using a SBA-15 silicate as a hard template. 1 ' 211 These 
not only showed excellent Li uptake with a reversible capacity 
of 3163 mAhg" 1 at a rate of 0.2 C, but also an excellent rate 
capability at 2 C. This study provided a further example to vali- 
date the concept of using C-containing composites in the 
design of electrode materials with high Li-ion storage capacity 
and satisfactory performance. However, the complexity in the 
synthesis of electrode materials and the high cost of the SBA- 
15 template do not support a direct rapid technical application 
in near future. 

All of the reported works focus on synthetic strategies and 
Li uptake tests of carbon-based compounds. Only a few works 
have tried to reach a fundamental understanding of the im- 
provement in electrochemical performance. The interface inter- 
action of carbon layers with Si, and the C-Si bonds could be 
essential in the improvement of the electrochemical perfor- 
mance of carbon-Si nanocomposite. For example, it is found 
by means of electrochemical measurements in conjunction 
with Raman spectroscopy data that a huge stress is exerted on 
the Si domains by the in situ-formed carbon layer. 11221 When 
this stress is released, for example by mechanical treatment of 
the composite, the electrochemical properties change funda- 
mentally. It is suggested that not only the improved electrical 
conductivity of the Si-C compo- 
site, but also the carbon-in- 
duced pressure on Si particles, 
are key parameters for the im- 
proved cycling behavior of Si 
versus Li. 

Ge shows a high theoretical 
capacity of 1600 mAhg" 1 . Com- 
pared with Si-based materials, 
Ge exhibits a higher diffusivity 
of Li and a lower specific 
volume change during the Li in- 
sertion-extraction process. Even 
so, an electrode based on Ge 
still suffers from poor cyclability. 
Nanometer-sized Ge materials 
reported in literature still show 
unsatisfactory cycling perfor- 
mance. 11231 Ge/C nanocomposite 
materials for Li-ion batteries 
ware prepared by solid-state py- 
rolysis of an intermediate (PTA- 
Ge), thermally polymerized from 
tetraallylgermane. I,24J The ob- 
tained composite consists of 
nanospheres with diameters 



ranging from 50 to 70 nm. Very small Ge nanoparticles with di- 
ameters between 5 and 20 nm were observed inside those 
spheres. The obtained composite shows high discharge and 
charge capacities of 1190 and 923 mAhg" 1 , respectively, in the 
first cycle. A highly stable and reversible capacity of about 
900 mAhg" 1 was achieved. The Coulumbic efficiency was 
rather high. The Ge/C composite also exhibited an excellent 
rate performance: highly stable reversible capacities around 
774, 650, and 613 mAhg" 1 were obtained at current densities 
of 300, 600, and 900 mAg" 1 , respectively. The carbon layer on 
Ge nanoparticles is mechanically strong enough to prevent Ge 
particles from disintegration and agglomeration of those nano- 
particles. It remains a challenge to achieve a high dispersion of 
nanoparticles embedded in a carbon matrix. The statement 
about prohibitive cost of synthesizing large quantities also ap- 
plies to these options. 



Z2.3 Carbon-transition metai oxide nanocomposites 

Transition metal oxides are also potential anode materials for 
Li-ion batteries as they can react with Li reversibly providing a 
relatively high theoretical capacity. 1125 ' 1261 The mechanisms are 
mainly related to reversible formation and decomposition of 
Li y O upon Li uptake and release (conversion reaction), which 
can be described by the following equation: 



MO + yLi + + ye" 



^ Li y O + M 



(4) 



where M = Fe, Co, Ni, Cr, Mn, Cu and others. These metals do 
not react with Li. Usually, the reversible capacities are in the 
range of 200-1100 mAhg" 1 . Details about all possible Li-stor- 
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Figure 16. a) SEM image and b) high-resolution TEM image of the carbon/cobalt oxide nanocomposite. c) Galva- 
nostatic discharge/charge curves of carbon/cobalt oxide nanocomposite, and d) comparison of the cycling perfor- 
mance of the nanocomposite (OCMCs) and nanometer-sized Co 3 0 4 electrodes. Reprinted with permission from 
Ret (130). 
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age mechanisms in transition metal oxide can be found in liter- 
ature. 135,911 They have an electrode potential that eliminates Li 
plating (e.g., Figure 16 c). Other compounds such as fluorides, 
sulfides, nitrides have been also tested as potential anode ma- 
te rials. 11 2,1 51 A major drawback of the conversion reaction is 
their poor kinetics. 

2.2.3.1 CO3O4/C nanocomposites 

Co 3 0 4 can store more than eight lithium atoms per formula 
unit when it is discharged to 0.0 V vs. Li/Li + , corresponding to 
a reversible capacity of 890 mAhg"\ I127J but it suffers from a 
large volume change and has an unstable SEI on the surface 
when used as an anode material. 11281 This causes partial pulveri- 
zation of the electrodes with a decrease in the electrical con- 
ductivity and in the reversible capacity. 

The cycling stability of nanometer-sized Co 3 0 4 can be im- 
proved by uniformly embedding the nanoparticles in the 
pores of hard carbon spherules (HCS). 11291 A specific capacity as 
high as 403 mAhg -1 was preserved after 35 galvanostatic 
cycles. The improvement was attributed to the small size of 
the embedded Co 3 0 4 particles, ensuring negligible volume var- 
iation and a good contact with the carbon matrix during re- 
peated cycling, and to the high structural stability of the HCS, 
preventing possible aggregation of the Co 3 0 4 nanoparticles. 11291 

Fabrication of Co 3 (ycarbon composites was also achieved 
recently through solid-state pyrolysis of structurally defined or- 
ganic cobalt precursors under an inert atmosphere, followed 
by mild thermal oxidation. 11301 The obtained Co 3 (VC nanocom- 
posites consisted of Co 3 0 4 nanoparticles of approximately 
20 nm diameter (Figure 16a) and thin carbon layers covering 
the surface (Figure 16 b). The initial reversible capacity reached 
was ca. 940 mAng" 1 at a rate of C/5, with an initial Couiombic 
efficiency of about 73% (Figure 16c). This is significantly 
higher than that of pure Co 3 0 4 nanoparticles of similar particle 
size (64%). After 20 cycles, the reversible capacity of C-covered 
Co 3 0 4 was observed to be maintained at about 940 mAhg" 1 
with a Couiombic efficiency of above 99%, whereas the rever- 
sible capacity of the pure Co 3 0 4 nanoparticles rapidly decayed 
to around 120 mAhg" 1 after 20 cycles (Figure 16d). The good 
cycling performance arose from the action of the carbon layers 
as structure buffer. 

Very recently, cobalt and cobalt oxide-graphene composites 
were prepared by using planar metallo-organic molecules such 
as cobalt phthalocyanine (CoPc). [131) This enabled a homoge- 
nous dispersion of cobalt and cobalt oxide into/onto the gra- 
phene sheets via a simple pyrolysis and oxidation process. The 
obtained Co 3 0 4 -graphene composites exhibited remarkable Li 
storage performances with highly reversible capacity 
(754 mAhg" 1 ), good cycle performance, and good rate capabil- 
ity. However, most of the charge capacity of the Co 3 0 4 -based 
composite was observed at ca. 2 V vs. Li/Li + (see also Fig- 
ure 16 c), a too high potential for practical applications. 

Additional effects such as suppressing electrode-electrolyte 
reactions and anchoring the SEI material to the oxide have 
also been reported. It is, however, very obvious that much ana- 
lytical work is still required in order to tailor such chemically 
highly complex electrode materials. 



2.2.3.2 Ti0 2 -graphene hybrid nanostructure 

T10 2 is an abundant, low cost, and environmentally benign ma- 
terial. It is structurally stable during Li insertion-extraction and 
has an electrode potential that eliminates Li plating. 1151 The 
storage capacity of Ti0 2 is significant lower than other metal 
oxides. 11321 Li-ion batteries with T10 2 as electrode, however, also 
have a reduced energy density due the increased potential of 
the negative electrode. Nanostructured Ti0 2 has been exten- 
sively investigated as electrode material. 11321 Nanometer-sized 
Ti0 2 with rutile structure showed a much higher electroactivity 
towards Li insertion than micrometer-sized rutile. Up to 
0.8 mol of Li could be inserted into nanometer-sized rutile at 
room temperature, while only 0.1-0.25 mol of Li could be in- 
serted into micrometer-sized rutile. 11331 In terms of rate perfor- 
mance, nanometer-sized rutile is also advantageous over other 
T10 2 structures, especially at higher rates. 

Maier and co-workers fabricated a hierarchically nanostruc- 
tured electrode by using Ti0 2 as electroactive material in a 
mixed conducting 3D network that exhibited both high power 
and high energy performance. 0341 The conducting networks 
were built up on both the nano- and microscale levels. The 
key to its realization were, besides the preparation of nanome- 
ter-sized active Ti0 2 particles, conductive coating agents (Ru0 2 , 
C-Ru0 2 ), which served as mixed conducting 3D nanonetworks. 
This enabled both Li and electrons to migrate facilely and 
reach each active particle efficiently, hence realizing the full 
potential of nanoactive materials. This result is an example of 
the advantages of using nanoarchitecture materials for energy 
storage applications. Single-walled CNTs were also used as con- 
ductive additives interconnecting nanostructured anatase TiOj, 
demonstrating an increased Li-ion insertion-extraction capacity 
in the hybrid electrodes at high charge-discharge rates. 1135 ' 

By using anionic sulphate surfactants to assist the stabiliza- 
tion of graphene in aqueous solutions and facilitate the self-as- 
sembly of in situ-grown nanocrystalline Ti0 2 with graphene, 
Wang et al. prepared nanostructured Ti0 2 -graphene hybrid 
materials that showed a slightly enhanced Li-ion insertion-ex- 
traction in T10 2 at low charge rate: 11361 the specific capacity was 
more than doubled at very high charge rates of 20-30 C, as 
compared with the pure Ti0 2 . (For an anatase T10 2 -graphene 
composite, the capacity at a rate of 30 C was 96 mAhg -1 , com- 
pared with 25mAg _1 for control anatase Ti0 2 ). This work 
showed the possibility to increase the electrode conductivity 
in the presence of a percolated graphene network embedded 
into the Ti0 2 electrode. The lithium uptake capacity of this 
system was too low to be comparable with other metal oxide- 
carbon composites. A large irreversible capacity was also ob- 
served at the first cycle. In addition, it is still not fully under- 
stood why the increase was so significant at high rate. 

2.2.3.3. CNT-V 2 O s nanocomposites 

Recently, another nanoarchitectured electrode using V 2 0 5 
nanoparticles was proposed (Figure 17), M371 consisting of an ef- 
ficient mixed conducting network using a carbon tube-in-tube 
(CTIT) as an "electronic wire," providing electrons to the active 
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Figure 17. (a) Conceptual representation of the desired design comprising 
an efficient mixed conducting network, (b) Typical TEM image of the V205/ 
CTIT nanocomposites showing that most of the V 2 O s nanoparticles areen- 
capsulated within CTIT. Reprinted with permission from Ref. [137]. 



materials. 11381 The specifically designed tube diameter of the 
CTIT allowed for easy electrolyte access. Such a nanostructure 
provides the electronic pathway and the Li-ion transport prop- 
erties that are essential for a Li-ion battery that is rechargeable 
at high rates. Both the kinetics of Li insertion-extraction and Li 
storage performance were improved as a result of the intimate 
electrical contact between the two phases at the nanoscale 
level and at multiple points along the wall of the CTIT (Fig- 
ures 17 and 18). 

Figure 19a shows the redox kinetics, with peaks at around 
3.4-3.2 V, observed for both 
electrodes. The V 2 0 5 -CTIT nano- 
composite exhibits small polari- 
zation differences between the 
cathodic and anodic peaks for 
the redox reaction at around 
3.4 and 3.2 V with 50 and 
60 mV, respectively. The refer- 
ence microstructured bulk oxide 
V 2 O s electrode exhibits unfav- 
ourable values of 190 and 
300 mV under the same experi- 
mental conditions (Figure 19 b). 
A total reversible capacity of 
about 280 mAhg" 1 in the volt- 
age range of 2.0-4.0 V was ob- 
tained for the V 2 O s -CTIT nano- 
composite at a rate of C/2.5 
(Figure 19c) (note that the theo- 
retical capacity for two Li per 
formula unit is 294 mAhg" 1 ). In 
the discharge process nearly 
the same amount of Li can be 
removed, corresponding to a 
Coulombic efficiency of above 
99%. Another excellent proper- 
ty of this V 2 0 5 -CTIT nanocom- 
posite was its high rate capabili- 
ty. A specific charge capacity of 
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Figure 18. HRTEM image of VjCVCTTT nanocomposites, showing the inti- 
mate contact between V 2 O s nanoparticles and CTIT. Reprinted with permis- 
sion from Ref. [137]. 



around 265 mAhg -1 with a Coulombic efficiency of nearly 
100% was obtained at a rate of C/2.5 after 20 cycles; 
140 mAhg" 1 at 20 C, and 90 mAhg -1 at 40 C (Figure 19d). This 
rate capability is higher than that of C-coated V 2 O s and other 
V 2 0 5 -based electrodes. The experimental results obtained here 
demonstrated that the proposed effectively mixed conducting 
nanostructure is favourably reducing the diffusion length for Li 
and thereby enabling the high rate performance of Li-based 
batteries. 



4.0 



| 3.5 
> 

o> 3.0 



2.5 




60 mV 50 mV 




2.6 



2.8 3.0 3.2 3.4 3.6 
Voltage / V (vs. Li/Li*) — 



3.8 4.0 



0.1 - 



r: o.o 



-0.1 - 



50 100 150 200 
Capacity / mA h g" 1 - 




250 300 



(d) 



2.8 3.0 3.2 3.4 3.6 

Voltage /V (vs. Li/li*) — 



3.8 4.0 



30 40 50 60 
Cycle number 



70 80 90 100 



Figure 19. Cyclic voltammograms of a) the V 2 Os/CTrr nanocomposite, and b) V a O s micropa nicies at a scan rate of 
0.1 mVs~\ c) The first three cycles of galvanostatic discharge-charge curve of the VjOs/CTIT nanocomposite elec- 
trode cycled at a current density of C/2.5 between voltage limits of 2.0-4.0 V in 1 m LiPF 6 in ethylene carbonate/di- 
methyl carbonate solution, d) Cycling and discharging-charging rate performance of the VjOj/CTIT nanocompo- 
site electrode. Reprinted with permission from Ref. [137}. 
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The use of CTIT materials provides a more effective nanoen- 
vironment compared to CNTs, increasing the effectiveness of 
the dispersion and amount per volume of the oxide and thus 
the storage capacity of the battery. The CTIT also acts as a 
nanoreactor for the synthesis of nanomaterials, by exploiting 
its multiple channels and the possibility of confining reagents 
within them. 117 ' 1371 The issue of scaling up the production of 
CTIT materials, to make them cost-effective for battery applica- 
tions, remains a challenge for materials scientists. 

2.2.3.4 Mn0 2 -CNT hybrid arrays 

Another example of innovative electrodes derived from nano- 
architecturing is a coaxial Mn0 2 -CNTs array with a thin layer of 
gold, acting as current collector (Figure 20). I,39] A template was 
required to fabricate Mn0 2 nanotubes. This was followed by 
the growth of CNTs inside the Mn0 2 tubes using CVD. The 
nanosized and porous nature of Mn0 2 shells on CNTs allowed 
fast ion diffusion; the highly electrical conductive CNTcore fa- 
cilitated electron transport to the Mn0 2 shell. The presence of 
CNTs in the core of hybrid nanotubes provided additional Li 
storage sites, leading to a dual mechanism of Li storage and 
therefore resulting in an improved reversible capacity when 
compared with CNTs or Mn0 2 under the same test conditions. 
However, the Mn0 2 -CNT hybrid materials still showed a large 
irreversible capacity loss (ca. 1000 mAhg" 1 at the first cycle) 
and a steady loss of the capacity even after the second cycle. 
This could be due to the standing 5EI formation because of its 
cracking and crumbling as a result of volumetric changes of 
Mn0 2 . A carbon overlayer may be needed as structural buffer 
as discussed above. Manganese oxide is, in addition, one of 
the most potent heterogeneous redox catalysts, so that great 
care must be taken to prevent the formation of metallic Li on 
its surface. This would provide a highly active redox catalyst 
for electrolyte decomposition and irreversible oxide salt forma- 
tion. 



2.2A Summary for carbon-based nanocomposites with other 
elements or oxides 

A core challenge in Li-ion battery design is the identification of 
suitable materials for anode or cathode. Oxides, alloys, and 




Figure 20. a) Schematic diagram showing the fabrication of Mn0 2 -CNT hybrid coaxial nanotube arrays inside an 
AAO template using a combination of simple vacuum infiltration and cCVD techniques, b) SEM image and a sche- 
matic representation of a single coaxial nanotube. The MnO, shell and CNTcore can be clearly seen. Adopted 
from Ref. [139]. Copyright 2009, American Chemical Society. 



semiconductors are promising because of their high storage 
capacities. Their strong bonding makes them sensitive to cyclic 
volume changes, and in many cases electronic conductivities 
are also problematic. An elegant way around these shortcom- 
ings would be the synthesis of nanostructured storage phases 
interconnected and electronically wired by nanocarbons, for 
example CNTs. The core benefit would be the adaptation of 
the diffusion length and of the volume expansion tolerances 
to the specific material properties of the noncarbon parts. This 
concept has been described in an elegant manner in the litera- 
ture many times. The described synthesis strategies seem to 
fail, however, at improving the system performance, as certain 
aspects of the concept are well-covered whereas other impor- 
tant factors are not taken care of. No systemic approach has 
been found so far. 

Such an approach would optimize all structural and chemi- 
cal details of the complex synthesis path to the desired perfor- 
mance. This rational approach requires that the important fac- 
tors that influence the performance of a composite under re- 
versible cyclic chemical stress are known. An example of a con- 
ceptual shortcoming is the attempt to minimize the size of 
electro-active materials for minimizing the diffusion length. 
However, the choice of material simultaneously has to take 
into account a minimum sensitivity against reversible volume 
change, which is not optimized per se when a material is nano- 
structured. In addition, dividing materials into nanometer-sized 
objects increases their reactivity, which may decrease the cycle 
life and lower the safety. An orthogonal approach, to fill the 
inner volume of a nanotube or mesopores carbon with elec- 
tro-active materials that upon cycling fragmentation would not 
fall out of the composite material, is fine but ignores the boun- 
dary condition that the fragmented material, to remain elec- 
tro-active, still requires an electrical contact to the inner walls 
of a CNT whose morphological and electronic structure are 
largely unknown. 

In the absence of a deep insight into the chemically com- 
plex interface processes required to synthesize an optimized 
composite electrode, it is not surprising that little systematic 
work is found on optimizing the ratios of chemical constitu- 
ents and the synthetic protocols for their assembly. Few works 
on a suitable volume-to-space ratio between electro-active ma- 
terials in a hollow carbon structure (CNTs, meso-, or macropo- 

rous carbons) as structure 
buffer are known. It is obvious 
that the required high perfor- 
mance of a composite electrode 
is strongly influenced by these 
factors. In addition, the carbon 
materials used in many studies 
are not well characterized with 
respect to their structure, reac- 
tivity, and dynamics under oper- 
ation and under the synthesis 
conditions of the composite. In 
summary, the attractive compo- 
site concept is not yet put into 
operation in a convincing 
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manner. Thus, it is premature to draw conclusions about its 
potential merits, in spite of the reports in the literature. 

In the successful reports on the improved performances of 
composite electrodes achieved phenomenologically, no solid 
evidence for the cause of the beneficial effect is given; one 
states rather speculative attributions to hypothetically im- 
proved transport kinetics. In the absence of knowing what spe- 
cies are transported through which interfaces, it is challenging 
to support such speculations by experiments. The mesoscopic 
mechanical properties associated with material fragmentation 
are also not well understood. Besides purely mechanical effects 
also elctromig ration, electrocorrosion, and the complex 
chemistry of the electrolyte acting as reductant, site blocker, or 
source for bulk impurities of the electro-active material are not 
well studied. 

It seems highly desirable to support the concept of compo- 
site electrodes with nanostructured materials by a massive 
in situ analytical research effort. This effort should clarify the 
relevant bulk and interface properties of the constituents of a 
composite. The study needs to focus on the electro-active 
properties and at the same level of detail also on the conven- 
tional chemical properties, as cycling the potential frequently 
crosses the surface stability boundaries of bulk phases. From 
this knowledge the boundary conditions for synthesis strat- 
egies can be derived. The kinetics of synthesis must be control- 
lable to minimize scale-up and fabrication problems. Such 
problems can easily spoil the performance of a composite ma- 
terial, as its highly metastable nature will lead to uncontrolled 
modifications of their critical interfaces. This was frequently ex- 
perienced in the synthesis of heterogeneous catalysts exhibit- 
ing the same basic sensitivity to multiple interfacial properties; 
the experience collected there may be also useful in the evolu- 
tion of electrode systems of complex chemical nature. 

2.3 Summary for Li-ion batteries 

Table 2 summarizes some results of Li-ion storage using nano- 
carbons and carbon composites from the reviewed works and 
the literature. In general, the reversible Li storage capacity of 
nanocarbons is higher than that of graphite, at the expense of 
higher capacity losses. The use of nanocarbons as electrodes 
can provide (1)a high electrode-electrolyte contact area, 
(2) new storage mechanisms that are not possible in bulk ma- 
terials, and (3) a shorter pathway both for electron and Li ion 
transport. A shorter transport pathway enables a high charge- 
discharge rate and, thus, a high power. However, Table 2 re- 
veals that on its own simple nanocarbons in various morpholo- 
gies can not provide a solution to increase the storage capaci- 
ty with long-time stability and satisfying safety. "Nanosizing" 
brings other parameters into operation. For example, the very 
high surface area and, consequently, the large solid-electrolyte 
interface enhance the irreversible capacity. Table 2 shows the 
diverse performances when various nanocarbons are used. 

Table 2 also reveals that carbon nanocomposites with metal- 
oxides) as electrochemically active materials provide increased 
storage capacities. As discussed above, a better accommoda- 
tion of the strain of Li insertion-extraction could be achieved 



by using carbon as structural buffer improving the cycle life. 
However, in those cases it has not been possible to satisfactori- 
ly couple the benefit of the improved cycle life with the opera- 
tion at higher power. It seems that nanostructuring the elec- 
trode materials should remain a general strategy in Li-ion bat- 
tery research and development. 

During the discussion of the examples it was stated several 
times that high surface areas and large solid-electrolyte inter- 
faces provide challenges for the reversibility of the host-guest 
interaction. In addition, the question to what extent chemical 
bonding interferes with purely dispersive host-guest interac- 
tion is still unanswered. The lack of analytical data f148J is to be 
compared with the question about the thermodynamic driving 
force. The applied potential (how large at the location of reac- 
tion?) is opposed by cohesive energies, compound formation, 
and phase transition energies (irreversible losses), by strain and 
its structural relaxation, and by entropy. A thorough balance of 
static energetics, structural dynamics, and transport kinetics 
through the electrode is still a challenging task. This is not ex- 
plicitly considered in the more phenomenological approaches 
reported so far. Starting from a general understanding of 
carbon bonding mechanisms and their consequences for the 
structural and chemical disposition, it is possible to construct 
hierarchical host structures that allow for an optimized ionic 
and electronic transport. The involvement of additional phases, 
be they oxides or alloys, should be minimized or avoided in 
anode structures to minimize the chemical complexity which 
will in turn minimize the irreversible chemical reactivity. 

Another field of nanocarbon synthesis will address the pre- 
fabricate of the SEI structure with the dual targets of protect- 
ing the electrode material from intimate contact with the elec- 
trolyte and of optimizing the ion penetration from the electro- 
lyte into the bulk electrode. Here many fundamental studies 
are needed before a meaningful design of an optimized struc- 
ture in which both chemistry and texture are defined can be 
made. In situ observations of the process of Li transport 
through the solid-electrolyte interface at realistic conditions 
will be needed in the first instance. The methodologies of 
polymerization-carbonization, reactive sputter deposition, and 
of chemical vapor deposition are at hand to realize the desired 
protective SEI structures once a clear picture of the functional 
requirements has been developed. 

The Li-ion battery system in its present form is not only lim- 
ited by the performance of the anode. Although the element 
carbon is largely associated with the battery anode for storing 
Li metal species, it must be understood that the bottleneck is 
not in this part of the system. While developing anodes with 
larger capacities and slightly higher potentials than carbon is 
very demanding, developing cathode materials having to store 
Li and to exhibit the same electrical transport property as the 
anode is a much greater challenge. Whether nanocarbon can 
also be used to improve the performance of the electrolyte by 
structuring the fluid without having to live with the mobility 
constraints of a polymer remains to be seen. 

The techniques used for making carbon-oxide composites 
for anodes may be adapted to the cathode problem. Here dif- 
ferent chemical stability issues are to be met and more elabo- 
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rate synthesis protocols for the functional oxide nanostructures 
will be required. Such protocols are available from the synthe- 
sis portfolio of heterogeneous oxidation catalysts. These have 
been only infrequently applied to battery cathodes requiring 
nanocarbons of modified structure and stability. In contrast to 
the rich portfolio of anode materials as reviewed here, only 
few carbon composites, for example, nanocarbon-coated 
LiFeP0 4/ have been developed for cathodes. 



3. Supercapacitors 

A supercapacitor, or electrical double layer capacitor (EDLC), is 
a device that stores charge electrostatically through the rever- 
sible adsorption of ions of the electrolyte onto active materials 
that are electrochemically stable and expose a high surface 
area. A schematic illustration of an EDLC is shown in Figure 21. 
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Figure 21. Schematic illustration of an electric double layer capacitor. Adopt- 
ed from Ref. [4]. Copyright 2006, Elsevier. 



It consists of a pair of ideally polarizable electrodes which are 
immersed in an electrolyte and physically separated by a 
porous membrane through which ions can diffuse. 1 ' 491 The ca- 
pacitance of an EDL-type supercapacitor is assumed to follow 
that of a parallel-plate capacitor: 



C = 



^0, 



(5) 



where e r is the electrolyte dielectric constant, e Q is the permit- 
tivity of a vacuum, A is the specific surface area of the elec- 
trode accessible to the electrolyte ions, and d is the effective 
thickness of the EDL (the Debye length). In a supercapacitor, 
the charges are stored across a very small distance in the elec- 
tric double-layer that constitutes the interface between an 
electrode and the adjacent electrolyte on a highly extended 
electrode surface area (1000-2000 m 2 g-'). The very small d 



and very big A value renders to EDLC a storage of hundreds or 
thousands of times more charges (tens to hundreds of Farads 
per gram) than solid-state and electrolytic capacitors. The max- 
imum energy stored (£) and power delivered (P) for a single 
cell supercapacitor are given in Equations (6) and (7): 



f = 2 C r v2 



P = 



(6) 
(7) 



where V is the cell voltage (in Volts), C T is the total capacitance 
of the cell (in Farads), and R s is the equivalent series resistance 
(ESR) of the cell (in Ohms). The cell voltage is limited by the 
thermodynamic stability of the electrolyte solution. ESR comes 
from various types of resistance associated with the intrinsic 
electronic properties of the electrode matrix and electrolyte so- 
lution, mass transfer, resistance of the ions in the matrix, and 
contact resistance between the current collector and the elec- 
trode. For a supercapacitor to have a good performance, it 
must simultaneously satisfy the requirements of having a large 
capacitance value, high operating cell voltage and minimum 
ESR. 11501 Despite their high power density, the current EDLCs 
offer a lower energy density than batteries. 121-26 ' 511 

When the charge storage in a supercapacitor is not electro- 
static, but occurs instead through a charge transfer that produ- 
ces a redox reaction (Faradaic reaction) or electrosorption in 
the electroactive material, the capacitor is called a pseudoca- 
pacitor.' 21 ' 261 Metal oxides or hydroxides such as Ru, Co, Ni, and 
Mn oxides/hydroxides are materials with pseudocapacitive 
properties. Functional groups or heteroatoms in carbon materi- 
als can contribute to the pseudocapacitance. The supercapaci- 
tor based on pseudocapacitance has a higher specific capaci- 
tance (10-100 times) than carbon-based double-layer systems. 
However, the redox reaction gives rise to a high internal resist- 
ance in supercapacitor, resulting in a decrease in the power 
density. Both of the two different storage mechanisms of EDLS 
and pseudocapacitance existed for many supercapacitor sys- 
tems, with one or the other storage mechanism dominating. 

EDLCs have a long cycling life and can be easily charged- 
discharged at a power density exceeding 1 kWkg"\ Carbon 
black or activated carbons are currently the most widely used 
materials for supercapacitors because of their high specific sur- 
face areas and moderate costs. 1221 Supercapacitors, using active 
carbon materials as electrodes, have a much higher theoretical 
capacitance (100-300 Fg" 1 ) compared to common capacitors 
(on the order of micro- or picofarads). However, the energy 
density of supercapacitors is only a few Whkg" 1 or W hL~\ 
much lower than that batteries. 125, 1471 A lead-acid battery has 
typically 30-40 Whkg -1 and modern lithium-ion batteries have 
ca. 120 Whkg" 1 . Other limitations such as low cell voltage 
{< 1 V for aqueous and ca. 3 V for organic electrolytes) and 
sensitivity to impurities prevented the more widespread appli- 
cations for EDLCs. Their performance needs therefore to be 
substantially improved with the aim of increasing the energy 
density while keeping the long cycling life to meet the tough 
requirements of applications in areas such as in portable elec- 
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tronics or in hybrid electric vehicles and large industrial equip- 
ment. 

3.1 Nanostructured carbon materials 

The synthesis of electrode materials with highly electroactive 
regions through the control of the microstructure {e.g., grain 
size, thickness, specific surface area, and pore character) is a 
way to develop supercapacitors with high electroactivity. 
Among these parameters, specific surface area and pore char- 
acter appear to be the most important factors and have thus 
far been the most widely studied. 122 ' 25 ' 1521 Nanometer-sized 
electroactive materials with high porosities in contact with 
liquid electrolytes should also exhibit enhanced electrode-elec- 
trolyte interface areas and thus provide highly electroactive re- 
gions with decreased diffusion lengths. 1153 * 1541 Some of these re- 
quirements are the same as for battery electrodes and there- 
fore the same general concepts of dual transport and of hier- 
archical structuring can be applied. 

3. 7. 1 Carbon with tubular structure 

CNTs were evaluated as electrodes to increase the energy den- 
sity 1>55-I58) As js shown jn pjgure 1 ^ CNJs hjgh|y emangJed ^ 

forming a well-developed network of open mesopores that is 
almost impossible to obtain with activated carbon materi- 
als. 11591 These mesopores allow the rapid transport of ions from 
the electrolyte to the entire surface of the electrodes and 
make them quickly available for electric charge exchange. As a 
consequence the response time to an external potential 
change is fast, resulting in the capability for energy extraction 
at high frequencies (about 1 Hz) (23J . Frackowiak et al. [160 ' 161J 
have investigated the EDLC performance of nanotubes pre- 
pared by various methods and have found that the studied 
CNTs present voltammograms with a regular box-like shape 
characteristic of an entirely electrostatic attraction (Figure 22). 
For multiwatled CNTs capacitances of about 120 Fg" 1 and 
49 Fg" 1 were reported at 1 and 100 Hz, respectively. 11611 A 
major disadvantage of multiwalled CNT materials for superca- 
pacitor applications is their low specific surface area compared 
to, for example, activated carbon. 
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Figure 22. Voltammetry characteristics (2 mVs"') of a capacitor built from 
CNTs modified by electrodeposited PPy. Electrolyte, 1 m HjS0 4 . Adopted 
from Ref. [23]. Copyright 2006, Elsevier. 



Single-walled CNTs offer particular potential as new carbon 
electrodes for EDLCs because of their theoretically high surface 
area. The reported values for the gravimetric EDLC of the 
SWCNT electrode span a wide range, between 20 and 
300 Fg-\ [162 - ,65} For example, single-walled CNTs with a specific 
surface area of 500 m 2 g _1 were found to exhibit a specific ca- 
pacitance of 40 Fg" 1 . 0661 For purified nanotubes (without resid- 
ual catalyst or amorphous carbon), the specific capacitance 
varied between 15 and 80 Fg" 1 with surface areas that ranged 
from ca. 120 to 400 m 2 g _1 . n6U67} Here again, CNTs provided by 
different producers exhibited different physical and chemical 
properties, preventing a generalized conclusion regarding their 
applications in EDLCs. 

The powdered form of CNTs hinders their application for 
electrochemical energy storage. The macroscopic shaping of 
CNTs (e.g., to CNT pellets) can result in the deterioration of the 
intrinsic properties of individual CNTs. One possibility is to 
form composite materials using CNTs as one component and 
carbon from an organic precursor as the matrix. Single-walled 
CNTs have been prepared as composite with polyvinylidene 
chloride (PVDC). After carbonization the composite electrodes 
exhibited a maximum specific capacitance of 180 Fg" 1 and a 
measured power density of 20kWkg"' in potassium hydrox- 
ide. 1168 ' 1691 This high specific capacitance was attributed to a 
surface area of 357 m 2 g" 1 and a redistribution of the CNT pore 
size to lower values near 3-5 nm. Recently, a high-density 
packed and aligned single-walled CNT material were fabricated 
by using the zipping effect of liquids to draw tubes togeth- 
er. 11701 To use the zipping effect of a liquid, the single-walled 
CNTs must be grown in an array on a support. The capacitance 
of the prepared solid supercapacitor was estimated as 20 Fg" 1 
from the discharge curves of cells charged at 2.5 V for a two- 
electrode cell corresponding to 80 Fg" 1 for a three-electrode 
cell. 11701 This value falls within the range of values reported for 
single-walled CNTs for EDLCs as mentioned above, but the 
method allows the macroscopic shaping of aligned CNTs for 
practical use. 

The above-mentioned CNFs@CNTs composites have also 
been tested for supercapacitive performance. 1761 Galvanostatic 
discharge-charge measurements at two different current den- 
sities and the relationship between specific capacity and cur- 
rent density are shown in Figure 23a and b, respectively. The 
specific capacitance was approximately 70 Fg" 1 at a current 
density of 148 mAg" 1 in 1 m H 2 S0 4 . At higher current densities 
of 370 and 740 mAg" 1 , capacitance values of approximate 48 
and 40 Fg" 1 were obtained. These values are not higher than 
that of activated carbon in H 2 S0 4 solution, mainly due to the 
relatively low specific surface area of 347 m 2 g"\ which is al- 
ready increased from 82m 2 g" 1 after the nanostructuring as 
shown in Figure 10. 

J. 7.2 Two-dimensional carbon structures 

The theoretical surface area of a single graphene sheet is 
2630 m 2 g"\ comparable to values derived from Brunauer- 
Emmett-Teller (BET) surface area measurements of activated 
carbons used in current electrochemical double layer capaci- 
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Figure 23. Performance of CNFs@CNTs composite in supercapacitor tests, 
a) Galvanostatic discharge-charge curves cycled at current densities of 370 
and 740 mAg"'. b) Relationship between specific capacity and current densi- 
ty. 



tors. This has stimulated some works to use graphene or gra- 
phene-related materials in supercapacitors. 1171 " 1731 Graphene 
materials prepared through exfoliation of graphitic oxide can 
have a BET surface area as high as 925 m 2 g~\ The number of 
graphene sheets is between 3 and 16. This graphene material 
was reported to show a electrochemical redox behavior similar 
to that of the basal plane of graphite and to have a specific ca- 
pacitance of 117 Fg" 1 at a scan rate of 20mVs _1 in aqueous 
H 2 S0 4 electrolyte with an operation window of 1 V. n?1) A signifi- 
cantly higher operating voltage of 3.5 V was achieved when 
PYR 14 TFSI was used. The maximum energy density stored in 
these capacitors was 31.9 Whkg" 1 . Agglomerates of chemically 
modified graphenes, synthesized by means of suspending gra- 
phene oxide sheets in water and then reducing them by using 
hydrazine hydrate, exhibited specific capacitances of 135 and 
99 Fg" 1 determined at a galvanostatic discharge-charge cur- 
rent of 10 mA in aqueous and organic electrolytes (KOH and 
TEABF^AN, respectively). 11721 The agglomerate contained parti- 
cles of 15-25 um and had a BET surface area of 705 m 2 q . A 
good performance over a wide range of voltage scan rates 
was observed, and assigned to the high electrical conductivity 
of preformed agglomerate particles prior to the electrode 
preparation. 

The BET values of graphene materials in the reported works 
are far below the theoretical surface area of a single graphene 
sheet (2630 m 2 g _1 ), and also lower than or similar to the BET 
surface area of some activated carbons or carbon blacks that 
are industrialized products with moderate costs. It should be 
mentioned that graphene samples need additional stabilization 
treatment for the practical use in electrochemistry. 11711 While in 
the case of Li-ion batteries the electrode of graphene-like ma- 
terials shows higher Li storage capacities than that of graphite, 
the performance of graphene-like materials in supercapacitors 
is not superior to activated carbon or carbon black. In addition, 
materials with 3-16 sheets of graphene are not graphene ma- 



terials, but rather nanographites. Again, also here, the intrinsic 
electronic properties of graphene play no role in the applica- 
tion and should not be considered in relation to such materi- 
als. 

3.7.3 Three-dimensional hierarchical carbons 

Ordered mesoporous carbons (OMCs) with extremely high sur- 
face areas and controllable pore sizes as well as large pore vol- 
umes are testing candidates for electrode materials for 
EDLCs. 11 74-1781 Experiments have demonstrated that an intercon- 
nected network of mesopores with the microporosity from the 
constituent parts lowers the resistance to electrolyte migration 
and allows for rapid charge propagation to the surface of mi- 
cropores. 1231 An OMC with an interconnected channel (OMC-IC) 
structure exhibits a much lower impedance to ion transport 
and thus has better electric double layer performance as com- 
pared to conventional OMCs with an unconnected channel 
structure. 11791 

Recently, 3D aperiodic hierarchical porous graphitic carbon 
materials have been developed for high-rate electrochemical 
capacitive energy storage. 11801 This kind of 3D hierarchical 
carbon is characterized by four typical features at different di- 
mensions (Figure 24); macroporous cores (between 1-2 una), 
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Figure 24. a) Schematic representation of the 3D hierarchical porous texture, 
b) Macroporous cores of the HPGC material, c) TEM image showing the mi- 
cropores. Reprinted with permission from ref. [180]. 



mesoporous walls (with thickness between 100-200 nm), mi- 
cropores (with sizes about 0.7-1 nm), and a localized graphitic 
structure. In fact, some OMC activated carbons have a similar 
pore structure, however this 3D hierarchical carbon features a 
local graphitic structure. The macroporous cores can serve as 
ion-buffering reservoirs, the mesoporous walls guarantee a 
smaller ion-transport resistance while the micropores accom- 
modate charges and the localized graphitic structure enhances 
the electrical conductivity. A close comparison of this 3D hier- 
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archical porous carbon with typical microporous carbon (acti- 
vated carbon) and mesoporous carbon (SBA-15 templated 
carbon) highlighted its high rate capability. The multihierarchi- 
cal material demonstrated a superior capacitive performance 
(180 Fg~' at high frequency of 1 Hz) when compared to hard- 
templated OMCs. This is attributed to the generated pore sur- 
faces' 1811 

This work showed that OMC is a platform for investigation 
of transport limitation, roles of pores, and the electrode-elec- 
trolyte interface interactions, and highlights the role of graphit- 
ic wall interconnections. The volumetric capacitance could be 
too small for industrial applications because of the large por- 
tion of pores. 

The concept of 3D aperiodic hierarchical porosity has previ- 
ously been realized in porous carbons such as carbon aerogels. 
Their pore structure can be designed and controlled by chang- 
ing the conditions under which the microemulsion templated 
sol-gel polymerization and the subsequent activation are car- 
ried out. 11821 A 3D aperiodic carbon materials with four types of 
pores can be obtained: (1) micropores, with diameters below 
2 nm; (2) small mesopores, with diameters from 2 to 5 nm; 

(3) large, mesopores with diameters from 5 to 40 nm; and 

(4) large pores and channels, with diameters over 40 nm. Ap- 
propriate activation with KOH increased both the number of 
type 1 pores and the BET surface areas, which in turn increased 
their capacitance. 11831 For example, with a specific BET surface 
area of 1468m 2 g~\ as well as large pores and channels, a 
high-speed charge-discharge performance of 

201 Fg" 1 at 100 mVs" 1 was observed on such 3D 
aperiodic hierarchical carbon, which was 82% of the 
value at 10mVs _l . This high-rate charge-discharge 
performance is attributed to the abundant type 4 
pores, which play an important role in the transfer of 
the electrolyte. Activating the samples with a high 
concentration of KOH resulted in an even higher sur- 
face area of 1468m 2 g _1 but caused the collapse of 
the large pores, significantly decreasing their capaci- 
tances under high charge-discharge currents. These 
results confirm the importance of meso- and macro- 
pores for charge-discharge propagation. 
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3,1.4 The role of micropores in charge storage 

As discussed above, the role of meso- and macro- 
pores of carbon materials in EDLCs are more or less 
clearly assigned, 141 the role of micropores, which con- 
tribute mostly to the specific surface area, is under 
study. An increase in the specific surface area cannot 
increase proportionally the capacitance of an EDLC 
[Equation (5)]. Non-linearity of the double layer ca- 
pacitance with surface area of carbon has been re- 
ported. 11 84-1891 The model calculation for BET surface 
area, based on nitrogen adsorption-desorption at 
77 K, overestimates the value of surface area of acti- 
vated carbon available for tons. 11901 Earlier investiga- 
tions suggested that pores smaller than 0.5 nm were 
not accessible to hydrated ions, 1184,1911 and that even 
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pores under 1 nm might be too small, especially in the case of 
organic electrolytes where the size of the solvated ions is 
larger than 1 nm." 921 Sub-nanometer pores were believed not 
to participate in the formation of an EDL due to the inaccessi- 
bility of their surfaces to solvated large ions. However, Ray- 
moundo-Pinero et al. reported the contributions of micropores 
to the overall capacitance and concluded that partial desolva- 
tion of hydrated ions occurred. 11931 

The critical effect of the micropore size on the capacitance 
of an EDLC was re-investigated recently by using carbon mate- 
rials with controllable micropore size. Activated carbon 11931 and 
carbide-derived carbons 11951 (CDCs) have been used for this 
purpose. CDCs can have a narrow pore-size distribution with a 
mean value that is tunable in the range of 0.5-3 nm 11961 and a 
specific surface area up to 2000 m 2 g"\ n97J In an acetonitrile- 
based organic electrolyte CDC exhibits very high capacitance. 
An anomalously large capacitance increase in CDC materials 
was reported when the pore size decreased below 1 nm 
(Figure 25), 1198,1 " 1 while only a marginal increase in the normal- 
ized capacitance was obtained when increasing the pore size 
above 1 nm. A similar dependence of normalized capacitance 
with average pore size has been previously reported by Ray- 
moundo-Pinero etal. using activated carbons. 11931 It was con- 
cluded that the pore size giving the maximum double-layer ca- 
pacitance is very close to the ion size— both larger and smaller 
pores lead to a significant drop in capacitance. 1193 1971 In addi- 
tion, desolvation of ions in nanometer pores takes place. There 
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Figure 25. Dependence of material capacitance normalized by surface area on pore size. 
The results show that increasing the pore size above ca. 1 nm marginally increases the 
normalized capacitance. Decreasing the pore size below ca. 1 nm sharply increases the 
normalized capacitance due to constriction of the ion solvation shell (inset). Adopted 
from Ref. [194]. Copyright 2007, Nanotechnology Law & Business. 
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must be at least a partial removal of the solvent shell. A de- 
crease in the pore size causes an increase in the number of sol- 
vent molecule removed, along with a similar increase in the ca- 
pacitance. 12005 A better understanding of the behavior of ions in 
confined environments is needed, where Helmholtz double 
layers cannot form. 

The pore-size distribution of porous carbons influences to a 
large degree the fundamental performance criteria of carbon- 
based supercapacitors, for example, the relationship between 
power and energy density, and the dependence of perfor- 
mance on frequency. 1 ' 1 Having pores that are too small may 
affect the power capacity of the supercapacitor. In a model 
study using zeolite-templated carbon [ZTQ with uniformly or- 
dered micropores as the electrode material for an EDLC, it was 
found that when the pore diameter became smaller than 
1.2 nm, the capacitance per surface area increased, but the 
power density decreased due to the difficulty of smooth ion- 
transfer in such small micropores. 1201 ' ZTC is a carbon material 
with tunable and homogenous pore sizes providing a model 
structural material to study the pore size and ion-size effects in 
the charge storage mechanism of a supercapacitor providing 
new aspects in understanding the interaction of pores with 
electrolyte. For CDC, elimination of macro- and mesopores and 
matching the pore size with the size of the ions increases the 
capacitance significantly. However, the numerous above men- 
tioned experiments have shown that macro- and mesopores 
are a prerequisite for the transport of electrolyte to the micro- 
pores or nanopores in many other carbon materials. 

The authors note that a simple measure around the some- 
what irregular debate regarding the textural properties of su- 
percapacitors would be their classification by fluid-phase ad- 
sorption. The convention of using gas phase surface area 
measurements and then drawing conclusions regarding the 
fluid phase adsorption properties is erroneous for many rea- 
sons related to the experiment and the data analysis of BET 
isotherms in terms of pore size distributions. 12021 It is plausible 
that not any recipe recommending maximizing one of the tex- 
tural scales (porosity or electrical conductivity) will be success- 
ful; ELDC electrodes are multiscale systems and only a com- 
bined and iterated optimization of textural, structural, and 
chemical properties will lead to success. The authors note that 
the surface chemistry and the stability issues of solvated ions 
are rarely taken into account explicitly and that no in situ data 
exists on the chemical nature of the active surface and its cov- 
erage with ions. 



3.2 Carbon-based composites 

Typical electrode materials for supercapacitors based on pseu- 
docapacitance are metal oxides (e.g., Ru0 2 , Ir0 2 , Co 2 0 3 , Mn0 2 ) 
and conducting polymers. 1203 " 2051 Other nanostructured metal 
oxides such as NiO have also been tested for this purpose. 12061 
Because redox reactions can be irreversible as compound for- 
mation between electroactive species and the electrode mate- 
rial may occur, pseudo-capacitors often suffer from a lack of 
stability during long-time cycling. 



3.2.7 Metal oxide-carbon composites 

Some metal oxides exhibit poor electrical conductivity, which 
can cause a low power density. Many efforts have been made 
to develop composite materials consisting of metal oxide 
nanoparticles and carbon as electrode materials. 1207 " 2101 One ad- 
ditional benefit of nanostructuring this electroactive oxide on 
carbon, besides improving the electrical conductance, is the in- 
crease in the specific surface area of metal oxides-composite 
exposed to electrolyte. 

Ruthenium oxide (Ru0 2 ) is a widely studied material in acidic 
solutions for pseudocapacitors. 12111 It is conductive and has 
three distinct oxidation states accessible within 1.2 V. Its superi- 
or performance in sulfuric acid has been attributed to the sur- 
face-driven, reversible redox processes involving electron trans- 
fer, together with an electro-adsorption of protons on the sur- 
face of Ru0 2 particles.' 212,2131 Hydrous Ru0 2 possesses high ca- 
pacitance in aqueous electrolytes. The electrical conductivity of 
ruthenium-based materials results in a lower power density. 
Composite electrodes combining hydrous Ru0 2 and porous 
carbon can increase effectively the specific capacitance and im- 
prove the rate performance compared to pure porous 
carbon. 1214 2151 A Ru/C electrode with mesoporosity has been 
prepared by a simple one-step pyrolysis procedure with 
dichlorobis{u.-chloro)bis[(1-3-Ti:6-8-)-2,7-dimethyloctadienediyl] 
diruthenium(IV) (DDRu) as precursor. 12161 After electro-oxidiza- 
tion of the Ru nanoparticles to hydrous Ru0 2 in sulfuric acid, a 
capacitance of 132 Fg" 1 was obtained. This value is higher 
than that (27 Fg" 1 ) of Vulcan XC-72 carbon (surface area 
248 m 2 g _1 ), but still lower than that of some reported 
Ru0 2 xH 2 0. This could be due to the low water content of the 
Ru0 2 xH 2 0 in the composite and some of the embedded Ru 
particles being inaccessible to the electrolyte. 11821 

Another way to increase the electronic conducting pathways 
for hydrous Ru0 2 is the preparation of vapor-grown carbon 
fiber (VGCF)/Ru0 2 x H 2 0 nanocomposites by thermal decompo- 
sition of ruthenium ethoxide solution containing a weighted 
quantity of VGCF casted on a Pt electrode. 12171 The specific ca- 
pacitance of VGCF/Ru0 2 xH 2 0 nanocomposite electrodes at a 
scan rate of lOmVs" 1 is 1017 Fg" 1 , and at 1000 mVs" 1 is 
824 Fg" 1 , much higher than that when only Ru0 2 xH 2 0 is used 
as electrode. Because VGCF has a specific capacitance as low 
as 1.9 Fg" 1 , the benefit of Ru0 2 xH 2 0 loading over its surface is 
unambiguous. VGCF is a substantially more conductive (specif- 
ic resistance: 0.012 Qcm) carbon material than conventional 
activated carbons (0.04-1.0 Qcm) providing an explanation for 
the high-rate performance of the nanocomposite. VGCF is a 
cheap industrial product, thus the use of VGCF as support in 
pseudocapacitor is very attractive. 

Less expensive oxides such as iron, vanadium, nickel, cobalt, 
and manganese oxide have been tested in aqueous electro- 
lytes. Recently, it is reported that by loading 10% Bi 2 0 3 onto 
the mesoporous carbon, the specific capacitance of the com- 
posite can be as high as 232 Fg" 1 at a sweep rate of 
5mVs -1 . 12181 However, the mass transfer in the framework of 
the crystalline metal oxide remains difficult when it is not truly 
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nanostructured, as evidenced by the decline of the specific ca- 
pacitance with the increase of the sweep rate. 

Thin Mn0 2 deposits of ten to hundreds of nanometers have 
been produced on various substrates such as metal collectors, 
or activated carbon. Because reaction kinetics are no longer 
limited by the electrical conductivity of Mn0 2/ specific capaci- 
tance as high as 1300 Fg"' have been reported.* 2191 These kind 
of experiments proof the concept of nanostructuring electro- 
des to facilitate the electron transport, however, a system of 
extremely thin active film on platinum is far away from applica- 
tions, both from a point of view of scale-up and of cost-saving. 
This also applies to reported works using composites of CNTs 
combined with Ru0 2 12201 or NiO {2211 for supercapacitor applica- 
tions. 



3,2.2 Composites of carbon and electroactive polymers 

Electroactive polymers (polyaniline, polypyrrole, polythiophene, 
and their derivatives) offer high electrical conductivities and 
high doping-dedoping rates during charge-discharge process- 
es. 1170 " 1721 These polymers have a high gravimetric and volumet- 
ric pseudocapacitance in various nonaqueous electrolytes at 
operating voltages of about 3 V. However, electroactive poly- 
mers commonly have poor mechanical stability owing to re- 
peated intercalation and depletion of ions during charging 
and discharging. The electrode 
suffers from swelling and shrink- 
age, leading to a mechanical 
degradation of the cell and de- 
terioration of the electrochemi- 
cal performance. When low-cost 
electroactive polymers are used 
as bulk materials for an elec- 
trode, they usually have a short 
cycle life. 1241 Electrodes made 
from carbon materials with poly- 
mers as main component show 

improved mechanical proper- 
ty [222.223] 

An interesting breakthrough 
for developing a new genera- 
tion of supercapacitors is the 

successful synthesis of composites incorporating a nanotubular 
backbone coated by an active phase with pseudocapacitive 
properties. 1235 Such a composite combines the large pseudoca- 
pacitance of the conducting polymers with the fast charging- 
discharging double-layer capacitance and excellent mechanical 
properties of the CNTs. The open mesoporous network formed 
by the entanglement of CNTs allows the ions to diffuse easily 
to the conducting polymer. This lowers the equivalent series 
resistance and consequently increases the power density of 
the device. These composites exhibit excellent electrochemical 
charge storage properties and fast charge-discharge switching, 
making them interesting electrode materials for high power 
supercapacitors. 1281 

The above-mentioned hierarchically porous carbon monolith 
(HPCM) has been used to support electro-deposited polyani- 



line (PANI), (224] a promising polymer as an electroactive materi- 
al. HPCM (surface area: 277 m 2 g~\ pore volume: 0.47 cm 3 g"') 
was used as both a current collector and a high surface sup- 
port for conducting polymers. Figure 13a shows the network 
structure of HPCM with fully interconnected macro- and meso- 
porosity, which offered a very good compromise between infil- 
tration rate and surface area. The connecting carbon bridges 
are nanoporous in themselves. In a three-electrode cell experi- 
ment in 1 m H 2 S04, a specific capacitance of ca. 2200 Fg" 1 (i.e., 
per gram of PANI) with a power density of 0.5 kWkg" 1 at an 
energy density of 300 Whkg -1 was obtained at a current den- 
sity of 0.67 A g"' in the potential range 0-0.7 V. Even at a very 
high current density of 66.7 Ag"\ the specific capacitance was 
still as high as 1270 Fg" 1 (Figure 26a). All these values seem 
surprisingly high. It is reported that determining the capaci- 
tance of a PANI composite electrode by means of three-elec- 
trode cell can give extremely high values. 12251 Such high values 
cannot be achieved in a practical symmetric capacitor due to 
the pseudocapacitative behavior of electrically conducting 
polymer during the doping-dedoping process. For composite 
materials containing conducting polymers it is more reasona- 
ble to determine the capacitance in two-electrode cells. 

The advantages of the HPCM as a support for the deposition 
of active materials are displayed by Ragone plots, as shown in 
Figure 26 b. At the same specific power, PANI deposited on 
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Figure 26. a) Relationship of the specific capacitance for PANI (C WNI ) with respect to the charge-discharge specific 
current for PANI on HPCM, and PANI on NPCM respectively, b) Ragone plots for PANI on HPCM and PANI on 
NPCM. Reprinted with permission from Ref. [224], 



HPCM exhibits a much higher specific energy density than 
PANI electrodeposited onto a nonporous carbon monolith (ab- 
breviated as NPCM). At a specific power of 0.47 kW kg" 1 , the 
specific energies were 300 Whkg* 1 and 92 Whkg -1 for PANI 
on HPCM and on NPCM, respectively. At a much higher specific 
power of 47kWkg"\ specific energies are still as high as 
173 Whkg' 1 for PANI on HPCM while only 53 Whkg" 1 for PANI 
grown on NPCM. The synergistic effort of PANI with HPCM ren- 
ders this performance. 12241 The network of comparatively large 
pores in HPCM can facilitate the fast penetration of the electro- 
lyte to the surface of active materials. The electrodeposited 
PANI not only has a smaller particle size but is also more uni- 
formly dispersed, thus ensuring better utilization of electrode 
materials. This material is binderfree and conductive-agent- 
free, and can be quickly and straightforwardly synthesized. 
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This is again an example of using a strategy of nanoarchitec- 
turing carbons to get electrodes with optimal performance. 
Furthermore, it has been reported that pellet electrodes ob- 
tained by simply pressing the nanocomposite materials can be 
employed for supercapacitors, especially when an asymmetric 
configuration is realized. 12251 For example, the specific capaci- 
tance of an asymmetric capacitor with PANI/CNTs composite 
materials as positive and polypyrrole/CNTs as negative elec- 
trode can achieve a value up to 320 Fg"\ 

Conducting polymers and their derivatives also can be pre- 
pared on different materials such as glass, polymer, silica, 
metal oxide, fiber, and others by means of chemical deposi- 
tion. 12261 It seems that composites of nanocarbons with con- 
ducting polymers could be more interesting because they 
combine two relatively cheap materials to gain the large pseu- 
docapacitance of the conducting polymers coupled with the 
good conductivity and transport properties of carbon and me- 
chanical strength of nanocarbons. However, the volumetric 
energy or power density of such porous systems can be ex- 
pected to be small due to the presence of the large pore vol- 
umes. This is the main drawback of such materials for devices 
for portable applications. 

The methodology for determining the specific capacitance 
of electrodes based on conducting polymers is very critical.' 2251 
It has been shown that experiment using three-electrode cell 
construction is only useful for the investigation of the electro- 
chemical behavior of a single electrode. The capacitance of 
conducting polymer depends on the range of the potential 
window where it is investigated. The obtained value of specific 
capacitance cannot be simply compared with the value for a 
two-electrode cell. For example, high values as high as 
1100 Fg" 1 have been measured for PANI/CNTs composite elec- 
trode in a three-electrode cell. In the two-electrode cell mea- 
surement, a much smaller specific capacitance value of 
360 Fg* 1 was obtained. 12251 



3.2.3 Functional groups and heteroatoms 

Functional groups are always present on the surface of carbon. 
Nanostructured carbons with high surface areas and complex 
surface structures are especially rich in functional groups that 
play important roles in an supercapacitor.' 227 2281 It has been re- 
ported that the specific capacitance of carbon materials can be 
improved in aqueous media by the introduction of hydrophilic 
functional groups (e.g., oxygenated functionalities) that im- 
prove wettability and introduce redox processes that contrib- 
ute pseudocapacitance to the overall capacitance. 1227 - 2281 For or- 
ganic electrolytes it may be advantageous to apply hydropho- 
bic functional groups to improve the wetability of the elec- 
trode. 1229 ' 2301 Carbonyl groups can take part in the following re- 
action:' 1601 

> C=0 + H + +e" ^> C-OH (8) 

> C=0 + e" ^> C-0~ (9) 
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Because the reactions are only quasireversible and become 
irreversible for frequent cycling, they may not provide a long- 
standing contribution to the pseudocapacitance of supercapa- 
citors. In addition to this instability, oxygenated groups can en- 
hance the inner resistance of the electrode and the leakage 
current. 12311 This can offset the increased capacitance from the 
surface oxygenated functional groups. 

Nitrogen-containing surface functional groups on carbon 
have attracted much interest due to their enhancing effect on 
capacitance in both aqueous and, 1232 * 2331 not always unambigu- 
ously, organic electrolytes. 1234,2351 Using melamine-based car- 
bons from fluorinated mica as template, it was found that pyri- 
dinic nitrogen species affected the electron donor-acceptor 
characteristics of carbon materials and that there was a pseu- 
docapacitative attraction between the protons of the electro- 
lyte and the carbon electrode materials. This was stated to be 
the reason for good capacitive behavior of melamine-based 
carbon in sulfuric acid. A maximum gravimetric specific capaci- 
tance of about 200 Fg" 1 , especially a capacitance per surface 
area of 1.5 Fm" 2 , can be obtained in aqueous electrolyte of 
sulfuric acid and sodium chloride in a three-electrode-cell ar- 
rangement. 12321 It was reported later that nitrogen-enriched car- 
bons prepared from melamine resins also showed good capac- 
itive behavior in KOH despite the absence of protons that 
were initially thought to be responsible for the high capaci- 
tance in an acidic electrolyte. 12331 In nonaqueous media, howev- 
er, the performance was less promising than in an aqueous 
electrolyte. 

A specific capacitance as high as 159 Fg" 1 at 0.5 Ag _1 in an 
organic electrolytes was obtained when adding nitrogen into 
the framework of mesoporous carbon spheres of high specific 
surface area (1460 m 2 g' 1 ). (2361 This remained 130 Fg -1 at a high 
current density of 20 A g" 1 . This improvement in pseudocapaci- 
tance was assigned to the enhanced surface wettability and 
the reduced resistance due to the moderate nitrogen content 
in the mesoporous carbon. The negative impact of nitrogen 
heteroatoms was also reported for porous carbon materials 
prepared using chemical vapor deposition of acetonitrile on 
zeolite Y templates. 12421 Clarifying the exact mechanism of pseu- 
docapacitive interactions between the ions and nitrogen 
atoms is highly desirable. 

The chemical modification of surface of carbon materials, for 
example, by phosphoric acid activation, can reduce the 
number of functional groups on C through the blockage of 
active sites by phosphate groups. This has been exploited in 
many applications.' 243 " 2451 Recently, it was reported that carbons 
enriched with phosphorus groups and optimized porous struc- 
tures showed a uniquely high and stable performance.' 2461 
Using P-rich carbon as electrodes, the supercapacitors are ca- 
pable of stable operation at voltages greater than 1.3 V in 
H 2 S0 4 . Surface modification by a sodium oleate surfactant was 
reported to have improved the wettability of carbonaceous 
materials in organic electrolytes.' 2471 After the modification, the 
internal resistance of the capacitor decreased, and the specific 
capacitance and energy density increased. 
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3.3 Summary for Supercapacitors 

Many efforts have been made to achieve a significant increase 
in the energy density of supercapacitors while retaining their 
characteristic advantages of high power and extraordinary cy- 
cleability. Table 3 summarizes recent achievement in this area. 
The highest capacitance is achieved with pseudocapacitors 
when Ru0 2 is used as active material. 

The development of new materials is characterized by phe- 
nomenological studies. As a result, sets of conflicting "rules" 
can be elucidated as to how optimal performance is achieved. 
An example is the ongoing discussion about the best texture 
of carbon electrodes described above. It is obvious that elec- 



trodes for supercapacitors are multifunctional materials with a 
strong component of interfacial molecular transport combined 
with requirements for electrical conductivity and excellent 
chemical stability in large potential gradients and at high abso- 
lute current flows. It is unlikely that any single property, such 
as microporosity, will dominate the performance profile of 
such a device. Solid progress in this area will require some fun- 
damental understanding of the underlying chemical processes 
under the operating conditions of electrodes. Very little validat- 
ed experimental information is available regarding the nature 
and reactivity of solvated ions in the electric double layer or 
about their transport and chemical dynamics. It therefore 
seems premature to derive definitive conclusions on the tex- 
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Sample Capacity [Fg _1 ] System'' 1 ' Ref. 







Voltage [V] 


Scan rate 


Electrolyte 


System 




MSC25 


1 80—250 


U-U./ 


0.1-60 mAcm 


2.0 m H 2 S0 4 


3/PVI 


[177} 


PICA 


oU- 1 


0-2 




1 .7 m TEAMS in AN 






60-115 


10 mAcm" 2 


1 .0 m TEAMS in PC 


2/PVI 


1187] 


SWCNTs 


65-140 


0-0.9 


1-50 mAcm -2 


7.5 m KOH 


2/PVI 


[169] 


SWCNTs 


ca. 20 


0-2.5 


0.05-20 A g"' 




2/PVI 




ca. 80 


1.0m Et 4 NBF 4 in PC 


[170] 


Polypyrrole/Ti 


100-500 


-0.8-0.8 


10-500 mVs"' 


1 .0 m KCI 


3/CV 


M541 




130-200 


0-1 

0-2 




1 .0 m H 2 S0 4 




icmpiaieu carDons 


95-110 


1-20 mVs 


6.0 m KOH 

I.UM ltAbr 4 in LH3I.N 


2/CV 


[237] 


ACA 


66-245 


-1-0 


10-100 mVs 


30% KOH 


3/CV 


[183] 


Coffee shells 


50-156 


0-1 


1-10 mV 


6.0 m KOH 


2/CV 


[238] 


C/MnOj 


20-700 


-0.1-0.9 


lOrnVs" 1 


0.1 m K 2 S0 4 


3/CV 


(208] 


CA/Ru0 2 


100-270 


0-0.8 


0.2-20.0 mVs"' 


1.0 m H 2 S0 4 


3/CV 


[214] 


VGCF/Ru0 2 


800-1000 


0-1 


10-1000 mVs"' 


1.0 m H 2 S0 4 


3/CV 


[217] 


BijOj/HOMC 


150-230 


-0.9-0.1 


1-100 mVs" 1 


6.0 m KOH 


3/CV 


[218] 


PANI/HPCM-2 


300-380 


0-0.7 


0.02-0.17 Ag"' 


1.0 m H 2 S0 4 


3/PVI 


[224] 


Me 


50-210 
20-40 


-1-0 
-1.5-0.5 


1 mVs" 1 


6.0 m KOH 

1.0 m TEABF 4 in PC 


3/CV 
3/CV 


[232] 


TIC-CDC 


90-145 


0-2.3 


5-100 mAcm" 2 


1.5 m NEt 4 BF 4 in CH 3 CN 


2/PVI 


[197] 


TIC-CDC 


100-160 


0-3 


5-100 mAcm" 2 


IL (EMI-TFSI) 


27PVI 


[198] 


MWNTs/PANI 


20-240 


-0.2-0.8 


0.25-5 Ag"' 


1 m NaN0 3 


3/PVI 


[239] 


PANI/C 


780-900 


-0.2-0.7 


0.5-5 Ag" 1 


1.0 m H 2 S0 4 


3/PVI 


[240] 


BMC-1 


85-115 
110-130 


0-0.8 


2-50 mVs-' 


1.0 m H 2 S0 4 
6.0 m KOH 


3/CV 


[241] 


OMC-UC 


90-125 












OMC-IC 


135-145 


-0.9-0.1 


10-300 mVs-' 


6.0 m KOH 


3/CV 


[179] 


HPGC 


150-270 


0-1 


0.02-50 A g"' 


6.0 m KOH 


2/PVI 


[180] 


FS-P 


130-160 










SC-P 


140-210 


0-1.3 


5Ag-' 


1.0 m H 2 S0 4 


2/PVI 


[241] 


BC-P 


160-200 










AC 


40-55 












MAC 


45-60 


0.05-3 


3-100 mAcm" 2 








CA 


55-105 




0.8 m Et 4 NBF 4 in PC 


2/PVI 


[242] 


MCA 


75-110 
100 


0-1.0 


3-48 mAcm" 2 


5.5 m KOH 






CMG 


99 
82 


0-2.5 
0-2.7 


20 rnVs"' 


TEABF 4 in CH 3 CN 
TEABF 4 in PC 


2/CV 


[171] 


AC 


124-286 


0-0.6 


100 rnAg"' 


6m KOH 


2/PVI 


[193] 


CNTs 


27 










CNTs-RuO, 


295 


-0.4-0.4 


5 mVs" 1 


1 m H 2 S0 4 


3/CV 


[230] 


Bare NiO 


80-120 


0-0.9 










NiO/CNTs 


140-160 


10-100 rnAg" 1 


2 m KOH 


2/PVI 


1231] 



[a] The numbers 2 and 3 refere to two- and three-electrode tests, respectively, [b] No information available. 
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tural requirements of the electrode. These arguments also ne- 
glect the possible chemical reactivity of solvated ions with 
active sites on the electrode surface. In the case where the 
chemistry of the electrode is poorly defined a "capacitor" may 
act as a "fast battery." In the case that ultrasmall pores lead to 
exceedingly high capacities it may be envisaged that the geo- 
metric location of the storage of charge is no longer the sur- 
face of the pore walls. In this case porosity would not be the 
property of relevance but would represent a proxy for the re- 
activity of the electrode. More rational progress in this area will 
strongly benefit from in situ analytics observing the electrode 
in operation and under an electrical potential. Such studies re- 
quire the adaptation of in situ experiments such as NMR and 
eventually also the design of novel instruments such as in situ 
electron spectroscopy. 

The authors note a certain tendency towards unidimensional 
optimizations. The quest for surface area is a typical example. 
It is not the BET surface area that is relevant but the active sur- 
face area (ASA) for the process (electrolyte) intended. It would 
thus be useful to devise experiments that use the electrolyte 
as probe adsorbent when steering the development of the ma- 
terial. Another example is the energy capacitance. If one con- 
siders the scale of possible applications it is not useful to re- 
search on material combinations with prohibitive and non- 
scaleable costs. Such studies may serve well as pathfinders ex- 
ploiting the physical limits of the concept of "supercapacitor," 
however theses studies should be complemented by the inten- 
sive search for scaleable alternatives even at the expense of 
not attaining the maximum capacitance. The definition of a 
figure of merit for such devices combining the stability, the ca- 
pacitance and the likely cost (from laboratory supplies of the 
materials and processing used) would be a practical solution 
steering the phenomenological research towards more rapid 
implementation in applications. It is clear, however, that a sub- 
stantial shortcoming in this area is the lack of fundamental sci- 
entific understanding caused by the enormous difficulties of 
performing meaningful in situ studies on the function of such 
devices. 

4. Concluding Remarks 

Building materials for electrical energy storage is a complex 
challenge that has been taken on by many groups on an em- 
pirical basis, starting from fundamental insight into electro- 
chemistry. This science, despite having still unanswered funda- 
mental questions regarding the dynamics and structure of the 
interface processes, provides numerous possibilities to charac- 
terize the performance of an electrode material. 

Electrochemical characterization has been used in many 
studies to reach conclusions on the dominant role of ion trans- 
port processes as a limiting factor. A critical issue frequently 
discussed is the exact nature of the interface between the fluid 
and the solid phase. The atomic structure and termination of 
the electrode and the nature of the electric double layer in the 
fluid facing the electrode are the standard electrochemical 
issues. In batteries, and eventually also in pseudocapacitors, 
there is additional chemistry arising from the decomposition 
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processes of the electrolyte and/or the reaction of the electro- 
active ions with the electrode bulk leading to additional phase 
formation at the interface where the elementary processes of 
charge exchange occur. Such a complex situation with an in- 
terplay of electron transfer processes and atomic transport is 
reminiscent of the analysis of heterogeneous catalysis, where 
exactly the same intertwined multiscale phenomenology pre- 
cludes any straightforward functional analysis and hence the 
application of a rational design strategy. 1248, 2491 The cooperation 
between catalysis and electrochemistry could accelerate the 
progress in both fields 1250,2511 and is a desire arising from the 
present analysis. 

The element carbon is a natural and very flexible choice for 
building electrical energy storage devices. The unique combi- 
nation of enormous chemical stability with electrical conductiv- 
ity and an endless variability of texture in multiple scales 
render carbon a chemical of eminent relevance in energy stor- 
age technology. 1161 The combination of polymers with inorganic 
nanostructured carbons probably offers the good way forward 
to design hierarchical carbon-only systems offering high stabili- 
ty, excellent functionality and moderate cost which are pre- 
requisites for scaleable technologies. 1252 - 2 " 1 Interfaces between 
carbon and oxides or metal alloys with nanostructured textures 
may, although much more demanding in their design, offer a 
solution for the critical challenge of finding effective cathode 
materials for the Li ion technology. 

However, after more than 10 years on intensive research in 
the two domains with hundreds of publications in the litera- 
ture, the best and most materials used in current industry are 
still graphite and activated carbons for anodes of lithium-ion 
batteries and electrodes of capacitors, respectively. What are 
the reasons? 

At first, nanostructured (carbon) electrodes also have sys- 
temic shortcomings and disadvantages. An important one is 
the expected but undesirable electrode-electrolyte reactions 
arising from their high surface areas. The results could be large 
irreversible loss in capacity and big voltage crosstalk. A second 
shortcoming is the low density of nanostructured materials, es- 
pecially mesoporous carbon, such that any practical use of 
them is not realistic due to the large effective volume. One so- 
lution for these two challenges could be a suitable nanoarchi- 
tecture that can synergistically take advantage of the combina- 
tion of ordered building block units with their excellent electri- 
cal transport and stability properties together with a nonperi- 
odic suprastructure providing transport in larger dimensions 
with shorter characteristic time scale. 1171 The rational and scale- 
able synthesis of organic-inorganic carbon composites, avoid- 
ing expensive templates and excessive energy for production, 
through well-designed building blocks is a major strategy to- 
wards achieving a breakthrough in electrical energy storage 
devices. Achieving this would be an excellent example of the 
evolution of conventional chemistry into systems chemistry. 

Moreover, we believe that in order to fully exploit the possi- 
bilities of new carbon or new electrode materials we need to 
optimize both synthesis and material properties to a much 
more creative level than has been done so far. The authors 
note that very little systematic optimization work has been 
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done on the chemistry and texture of any of the many archi- 
tectures suggested so far. With respect to the critical role of 
transport kinetics it seems highly rewarding to optimize every 
critical parameter alone and for the hierarchical system in a 
coupled manner. This is only possible with reasonable efforts 
when reproducible and scaleable synthesis techniques are 
available. As variable as our toolbox of making carbon is today, 
we still have much to do in order to optimize each and every 
synthesis step. The extent of graph itization, the chemical 
purity, and the surface functionalization of inorganic nanocar- 
bons may serve as examples. Regarding the polymer side, it is 
critical to develop controllable protocols for pyrolysis and hy- 
drothermal treatment techniques in order to master the defect 
properties of the resulting solids. Finally, the metrology of 
functional hierarchical carbon also remains a challenge. The 
standard tools of organic chemistry and of structure determi- 
nation are insufficiently sensitive to multiscale nonperiodic 
structural details of hierarchical nanocarbons. The study of 
chemical reactivity in situ has hardly been touched, as the den- 
sity of the solid-fluid interface of metallic conductivity is in 
itself a great challenge for analytical science. The functional 
characterization with elect roanalytical tools is highly advanced 
and is ready for application. Many examples of this can be 
found in the literature discussed herein. The interpretation of 
the electrokinetic fingerprints, for example with respect to 
transport and texture, can still be improved by advanced tex- 
tural analysis using suitable probe systems in addition to the 
standard nitrogen gas adsorption. 

Taking all of this into consideration and acknowledging the 
enormous creativity seen in the results discussed in the pres- 
ent Review, it is possible to expect a breakthrough improve- 
ment of the performance of electrical storage devices. It is not 
yet a high-priority task to think about the "post-Li" time (which 
chemically is hard to imagine anyway). It seems more appropri- 
ate to work in a systematic manner along the avenues of ma- 
terial developments indicated and sketched above. Moving for- 
ward, however, it is critical to make this process more effective 
as we see it today. To this end the involvement of fundamental 
understanding, including theory and in situ experimentation, 
augmenting material synthesis efforts remains the best way. In 
the materials arena the development of rational and scaleable 
synthesis procedures have the same high priority as the search 
for novel building blocks for functional nanocarbon which may 
even be of biological origin. 12541 

Finally, we should not forget that the engineering of electro- 
des is an important factor which is not fully considered in 
many academic publications. Nanostructuring materials alone 
cannot provide batteries/capacitors with high energy/power 
densities. The present Review has reduced the conceptually 
necessary systems view on storage devices to a discussion 
about material problems of the electrodes and challenges in 
this area. Fundamental issues regarding interface processes 
and the defect dynamics of electrodes have been systematical- 
ly investigated. Furthermore, the electrolyte, membranes, cur- 
rent collectors, and packaging issues as well as more practical 
challenges controlling the overall performance have to be in- 
tensively studied. 
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Abstract 

The growth, structure and properties of a two-dimensional carbon nanostructure-carbon nanosheet produced by radio frequency 
plasma enhanced chemical vapor deposition have been investigated. The effects of deposition parameters on the structure and properties 
of carbon nanosheets were also investigated. A growth model has been described proposing that atomically thin graphene sheets result 
from a balance between deposition through surface diffusion and etching by atomic hydrogen, and that the observed vertical orientation 
of these sheets results from the interaction of the plasma electric field with their anisotropic polarizability. 
© 2007 Elsevier Ltd. All rights reserved. 



1. Introduction 

Graphite and related materials are attractive because of 
their unique properties, the variety of the behavior under 
different conditions, and the potential to provide challenges 
in both experimental and fundamental sciences [1]. Since 
their discovery, "zero-dimensional" (0-D) fullerenes [2] 
and "one-dimensional" (1-D) carbon nanotubes (CNT) 
[3] have been the basis for both fundamental studies of 
the growth and properties as well as serving as components 
in new technical applications [4-6]. Here we report a study 
of the mechanism of growth for a two-dimensional (2-D) 
allotrope of the carbon family consisting of self-aligned 
graphene sheets, which we have called carbon nanosheet 
(CNS) [7,8], for the first time filling in the gap between 
low dimensional (0-D and 1-D) and bulk (3-D) carbon 
structures by providing an ideal 2-D model for fundamen- 
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tal studies and unique opportunities in industrial and tech- 
nological applications [9]. Unlike graphite intercalated 
compounds and sources of graphene such as exfoliated 
graphite, carbon nanosheets are metallic impurity free, 
atomically thin, and free-standing. 

2. Experimental and discussion 

The radio frequency (RF) plasma enhanced chemical vapor deposition 
(PECVD) system used for synthesis of all nanosheets in this study has been 
previously described in detail [7,8]. In brief, 13.56 MHz RF power was 
coupled through a quartz window into a vacuum chamber by a 3-turn pla- 
nar antenna. A resistive heater (sample stage) was located ~5 cm beneath 
the quartz window. Nanosheets were deposited on a variety of substrates 
in an inductively coupled plasma (ICP) from CH 4 diluted at various con- 
centrations (5-100%) [8] in H 2 , at total gas pressures from 20 to 400 mTorr 
[10], substrate temperatures of 600-950 °C [8], and RF input powers of 
400-1200 W [10]. 

Scanning electron microscope (SEM) and high resolution transmission 
electron microscope (HR-TEM) observations [7,8] indicate that typical 
nanosheets (deposited at 40% CH 4 in H 2 , 100 mTorr, 680 °C, and 
900 W RF power) are "free-standing" (the vertical walls ascend from 
the base layers on the substrate without lateral support). The sheets also 
self-assemble into atomically thin structures, consisting of from 1 or 2 
up to 7 parallel layers of graphene sheets. Fig. la shows an SEM (Hitachi 
S-5500) image of typical nanosheets directly grown on a Ni TEM grid. 
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CNS have a flat surface morphology roughly vertical to the substrate 
surface, as shown at the curved surface of the grid wire. Fig. lb is a higher 
magnification SEM image showing that the edge of a typical nanosheet is 
less than 1 nm thick. The HR-TEM (Jeol JEM 2010 F) micrograph of a 
typical nanosheet, Fig. lc, shows two parallel fringes with a distance of 
~0.34 nm at the edge where the nanosheet folds back, indicating a two 
atom-layer thick sheet with approximately the (002) spacing of graphite 
(0.335 nm). Although a single graphene layer of macroscopic size is not 




< 1 nm 



20 nm 




Fig. 1. (a) SEM image of carbon nanosheets directly grown on the curved 
surface of a Ni wire of a TEM grid shows that the nanosheets have a flat 
surface morphology and are free-standing roughly vertical to the substrate 
surface, (b) SEM of an enlarged nanosheets edge with a thickness less than 
1 nm. (c) HR-TEM micrographic of a single nanosheet with two graphene 
layers, as indicated by the two parallel fringes. 



thought to be thermodynamically stable [11], modeling suggests that stable 
double-layered graphene structures are possible [12]. Many of the nano- 
sheets we observe by HR-TEM have edges that are only 1-2 graphene lay- 
ers thick. Given the layered morphology observed by SEM imaging, 
further evidence supporting an effective average thickness less than three 
atomic layers comes from measurements of the specific surface area by 
the Brunauer-Emmett-Teller (BET) method (Clear Science Inc.). We 
observed ~1000 m 2 /g, which lies between the theoretical maximum value 
of double layered (1315 m 2 /g) and triple layered (877 m 2 /g) ideal graphene 
sheets. From the standpoint of gas storage and uptake, the observed val- 
ues are comparable to that of the best activated charcoals [13], Both 
Raman spectroscopy [7,8] and X-ray diffraction (XRD) [14] also confirm 
that the CNS are graphitic structures containing defects. Parametric stud- 
ies show that the order of the nanosheets decreases with increasing sub- 
strate temperature, increasing CH 4 concentration [8,14], decreasing input 
RF power, or decreasing total gas pressure [10]. 

In contrast to chemical vapor deposition (CVD) CNT synthesis, CNS 
deposition in our RF PECVD system does not require a catalyst to pre- 
determine the structure and/or location. In addition, the absence of a cat- 
alyst leads to a high purity. Both Auger electron spectroscopy (AES) and 
X-ray photoelectron spectroscopy (XPS) [10] of CNS detected only car- 
bon, except for a very small amounts of oxygen associated with adsorption 
of adventitious water, or possibly carbon oxides from sample transfer in 
air. Particle induced X-ray emission (PIXE) spectra were collected, as 
shown in Fig. 2. PIXE is a very sensitive technique to detect elements with 
Z > 1 1 at ppm levels. These spectra show that for CNS grown on an 
intrinsic Si substrate, Si is the only element detected. Thus, PIXE confirms 
that there are no detectable metallic impurities (<10's of ppm) in the nano- 
sheet layers. However, thermal desorption spectroscopy (TDS) results [15] 
indicate high hydrogen concentration (up to 1H atom per 4.5C atom [15]) 
in nanosheet samples. 

A series of short duration depositions, varying from 30 s to 8 min, 
under typical nanosheet deposition conditions, were performed to eluci- 
date the nature of the early stage of nucleation of the nanosheet layers 
[16]. These studies indicate that there is a 2-4 min induction-time in the 
planar nucleation and growth before the onset of vertical nanosheet 
growth, as indicated by the SEM images in Fig. 3a-c. The base layers 
are flat and parallel to the substrate surface, therefore difficult to see on 
as-deposited samples. However, they become observable when the sample 
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Fig. 2. PIXE spectra of carbon nanosheets on graphite and intrinsic Si 
substrates show that no elements were detected for nanosheets on 
graphite, and only Si is detected for nanosheets on Si substrate, so reveal 
that nanosheets are impurities free. The PIXE experiments were carried 
out using the +30° beam line (H + , 2.5 MeV) in the Microbeam End 
Station of Ion Beam Materials Analysis Laboratory at WR Wiley 
Environmental Molecular Sciences Laboratory (Richland, WA). 
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Fig. 3. Top-view SEM images of CNS deposited on Si substrates for (a) 1 .5 min; (b) 4 min; and (c) 8 min under typical growth conditions (40% CH 4 in H 2 , 
lOOmTorr, 680 °C, and 900 W RF power). The vertically oriented edges started to form after deposition durations of 1.5-4 min, however, were not 
observed from samples deposited for 30 s and 1 min (not shown). After 8 min deposition, full coverage is achieved. The base layer parallel to the substrates 
can be observed by scratching the sample with a sharp metal tip (d) a suspended nanosheets fragment from sample (c) shows the base layer (pointed by the 
arrow) underneath the vertically oriented sheets is about 10-15 nm thick. 



surface is scratched with a sharp metal tip and in imaging at the peeled 
fragments, as shown in Fig. 3d. Detailed SEM analysis indicates that there 
is a 1-15 nm thick layer of graphitic sheets that grows parallel to the sub- 
strate surface before the onset of vertical growth. It thus appears that dur- 
ing the first few minutes of growth, graphene layers grow parallel to the 
substrate surface until a sufficient level of force develops at the grain 
boundaries to curl the leading edge of the top layers upward. 

After the top layers curl up being vertical to the substrate surface, 
which is along the plasma sheath caused electric field direction, the very 
high surface mobility of incoming carbon-bearing species, and the induced 
polarization (of the graphitic layers) associated with the local electric field 
in the sheath layer, combine to cause the nanosheets to grow higher rather 
than thicker. Precise identity of the mobile species has not yet been deter- 
mined, but carbon atoms, carbon poly-atomic molecules, or small hydro- 
carbon molecules are likely to have sufficiently high surface diffusion rates 
to provide edge growth of the vertical planes. For a C atom on an ideal 
graphite surface, the surface diffusion energy, E di is 0.13 eV [17] while 
the surface adsorption energy, £ a , is ~1.8 eV [18]. The surface diffusion 
length [19] (the average distance a particle can migrate along a surface 
before being re-evaporated) is A d = 2a 0 exp[(£ a - E d )/2kT s }=3.1 nm for 
typical nanosheet growth conditions (fl 0 = 0.1nm, T S = 1000K, and 
k = 1.381 x 10" 23 J/K or 8.62 x 10" 5 eV/K). In the absence of a high flux 
of energetic H atoms, which might etch the accreting layers or remove ada- 
toms, carbon-bearing species landing on the surface of a growing nano- 
sheet would rapidly move along the sheet surface, reach the edge of the 
nanosheet, and covalently bond to the edge atoms before being re-evapo- 
rated. Carbon-bearing species diffusing toward the substrate instead of 
toward the growing edges can be re-evaporated because of the weak van 



der Waals force attaching the species to the substrates. This mechanism 
accounts for the observation that rather than forming a thick layer of 
graphite oriented parallel to the substrate, we observe self-assembly of 
multiple sets of graphene planes that are oriented vertically. 

In the above model, the electric field in the plasma both promotes the 
growth at the nanosheet edges and induces an orientation of the growing 
planes that is perpendicular to the substrate. An electric-field dependent 
orientation has been observed by others during the growth of carbon 
nanotubes [20] and carbon nanowalls [21]. Electric fields have also been 
used to orient isolated nanotubes for device applications and for purifica- 
tion purposes [22,23]. Alignment of nanosheets in our apparatus is there- 
fore to be expected since prior calculations and measurements yield a 
three-fold difference between in plane and perpendicular (c-axis) polariz- 
ability for ideal graphene layers [24]. The relatively higher in-plane mobil- 
ity of basal-plane electrons allows a field-induced force to align the dipole 
moments of the nanosheets. 

An electric field always exists in the vicinity of a solid object immersed 
in a plasma. A detailed analysis of this sheath electric field is beyond the 
scope of this paper. The mechanisms for the formation of the sheath field 
depend on the details of the geometry, the composition of the plasma, the 
pressure, the time-dependent energy source of the ionization (DC, induc- 
tive, capacitive, high or low frequency electric fields, laser, incoherent pho- 
ton, or particle beam driven), and the details of the solid material at the 
boundary and its electrical connection to an external circuit [25]. In our 
deposition system, the ionization source operates with a pressure-depen- 
dent combination of an inductive source and a capacitive source, both 
coupling at 13.56 MHz. The capacitive contribution comes from the fact 
that the antenna above the quartz window has peak RF voltages exceeding 
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1000 V. The resulting potential oscillations in the plasma are rectified at 
the conducting boundary of the substrate [25] to provide a strong DC field 
oriented vertically downward toward the substrate [26]. 

To test one feature of the effects of the magnitude of the local electric 
field, we grew nanosheets near a grounded conducting metallic cylinder 
that was placed with its long axis perpendicular to the grounded substrate 
surface. Such an electrode, in contrast to a floating object, can conduct a 
substantial current to ground and thus the sheath formation is approxi- 
mately described by a Langmuir-Child mechanism [25,26]. The local elec- 
tric field along the central length of this electrode in the vicinity of the 
substrate is predominantly radially oriented with respect to the cylinder 
axis. Fig. 4 shows that well-aligned parallel arrays of nanosheets aligned 
radially in the local electric field direction were formed at the surface of 
a conductive substrate. 

We interpret this experimental observation to be positive evidence of 
the importance of the local electric field to the overall growth mechanism. 
The electric field also may play a significant role in overcoming the activa- 
tion energy barrier (A£) associated with the distortion of sp 2 bonded net- 
work in the graphene layers that is necessary to bend the nucleating layer. 
Calculations of the size of this barrier for 100 atom graphene layers [27] 
estimate it to be of the order of 10 eV. Some of this barrier may possibly 
be reduced by the introduction and admixture of sp 3 bonding, or lattice 
distortions from vacancy defects, but the interaction of the field with the 
induced dipole certainly must be in play to account for the above observa- 
tion of radial growth. 

After nucleation of nanosheets, the activation energy barrier and the 
electric field forces hold the nanosheets in their two-dimensional configu- 
ration, even though enclosed structures, such as fullerenes and nanotubes, 
have a lower total energy due to elimination of dangling bonds at the 
edges. However, for a bent nanosheet, the probability for the edges to 
bond with each other and form a seamless structure is small, so the nano- 
sheets intend to keep their two-dimensional shape. 

Our previous parametric studies [28] have shown that inductively cou- 
pled plasmas favor nanosheet growth. In contrast to lower power capaci- 
tive plasmas, an inductive discharge using a lower neutral gas pressure and 
higher input powers results in a plasma density ~10 times higher than a 
similar capacitive plasma because the fractional ionization rate of the 
inductively coupled plasma can be up to 100 times higher [26]. So capac- 
itive coupling in our system favors CNT deposition, while inductive cou- 
pling yields a very high atomic hydrogen to growth species ratio [10,28], 
which is critical for CNS growth. The atomic hydrogen in the plasma acts 
as an etchant to rapidly remove amorphous carbon defects promoting a 
crystalline graphitic structure in the growing layers, to prevent the forma- 
tion of secondary nuclei which might interfere with their growth, and to 




Fig. 4. SEM image of aligned carbon nanosheets on Si substrate formed 
around a grounded metal electrode. The direction of the nanosheet align- 
ment is along the radial direction of the round electrode. 




Fig. 5. A schematic explanation of CNS growth model. E: direction of the 
electric field near a substrate surface; CH v : carbon-bearing growth species 
impinging from gas phase; C g : growth species diffuse along CNS surface; 
H: atomic hydrogen impinging from gas phase; CH/ defects removed 
from CNS by atomic hydrogen etching effects. 

remove cross-linking at the free edges of growing sheets, thus, preventing 
edge thickening which helps to keep them atomically thin. The proposed 
growth model of CNS is schematically summarized in Fig. 5. 

Increasing substrate temperature [8] causes both the growth rate and 
disorder of nanosheets to increase. We interpret this in terms of surface 
diffusion and growth from adsorbed carbon-bearing species. The details 
depend quite heavily on the exact state of carbon and hydrogen and on 
the band-structure and surface states of the substrate [29,30]. In the model 
above, we have assumed that the primary traps associated with atom-to- 
atom excursions, as the growth species surface diffuse along the planar 
graphene layer, have depths (£ d ) ~ 1-2 eV, but that the traps associated 
with reaching the dangling bonds at the edge of the growing layer lead 
to covalent bonding with very deep wells (~4-5 eV). The mean time for 
surface hopping of an adsorbate on the surface is r d = 
vj" 1 Qxp[E d /(kT s )], where vi is the lattice vibrational rate constant (2kTI 
K ~ 3 x 10 13 Hz for T - 1000 K [19]), and T s is the substrate temperature. 
In this calculation, a higher substrate temperature results in much faster 
surface diffusion and therefore much faster growth. The growth rate also 
increases linearly with the impingement rate of growth species. The 
impingement rate is determined by R = y/\/(2nmkT g ) • where m, T g , 
and P gs are the mass, the gas phase temperature, and the partial pressure 
of the growth species, respectively. The rate is roughly proportional to the 
CH 4 concentration [8]; however we observe that the level of disorder also 
increases, as measured by Raman spectroscopy and XRD [8,14]. A faster 
growth rate results in an increased number of defects in the nanosheets 
and a smaller coherent-layer size (the average scale of periodically 
arranged atoms in crystalline structures). 

At the typical RF input power, the observed increase in growth rate 
with CH 4 concentration, along with an increase in layer disorder, argues 
against complete dissociation of CH 4 to carbon and hydrogen atoms in 
the plasma, since complete dissociation would lead to a greater relative 
increase in hydrogen atom etching that removes defects [28], We have also 
examined the effects of varying input RF power at fixed substrate temper- 
ature, CH 4 dilution ratio, and total pressure. Fig. 6 shows SEM images of 
CNS deposited using RF powers varying from 500 to 1200 W. At high RF 
power, the CNS have smooth surface morphologies, notwithstanding that 
the change is not obvious. Detailed studies [16] also indicated that increas- 
ing RF power caused an increase in CNS growth rate; however, the degree 
of order also increased as the RF power increased. Our optical emission 
spectroscopic observation revealed that the atomic hydrogen to growth 
species ratio also increases with increasing RF power. Therefore, effects 
of hydrogen etching are stronger at higher RF power, which consequently 
results in the removal of defects in the CNS. 

The effect of variation of the total gas pressure, p, is more complicated. 
In the range studied (20-400 mTorr), the dissociation rate in our system is 
inversely proportional to total pressure, thus one naively expects the result 
of lower total pressure to be similar to raising RF power. The observation, 
however, is that at lower total pressure we achieve the expected faster 
growth rate, but the sheets contain relatively more defects rather than 
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Fig. 6. SEM image of CNS deposited on Si substrates at (a) 500 W; (b) 
800 W; and (c) 1200 W RF powers. Other conditions were 40% CH 4 in H 2 , 
100 mTorr, and 680 °C. The carbon nanosheets have somewhat smoother 
surface morphologies at higher RF power, although the change is subtle. 



fewer defects. To account for this, we suggest that collisions can occur 
between the ions accelerating through the sheath electric field and neutral 
atoms in the background gas. Details of the aforementioned arguments 
can be found in the references [25,26]. Using Langmuir probe methods 
[25], a plasma potential V p ~ 70 eV was measured in the plasma for nano- 
sheet growth, so for singly ionized ions in the absence of collisions, this 
upper bound for the energy of an incident ion is well above the binding 
energy of a carbon atom in a graphene sheet (~7.4eV) [31]. However, 
when elastic and charge-exchange collisions with the background gas are 
taken into account [32], the actual distribution of ions will be well approx- 
imated by a decaying exponential with a mean energy that falls as /T 1/2 , 
yielding numerical values of mean energy far lower than the collisionless 
sheath voltage [33]. 
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The essence of this analysis comes from considering the primary length 
parameters that dictate the number of collision in the sheath, n t leading to 
slowing the energy distribution. These are the sheath thickness, which in 
such plasmas is proportional [34] to p~ l/1 and the mean free path for elas- 
tic collisions, which is proportional to p~ x . These combine to yield n pro- 
portional to p U2 y and thus a mean energy per ion that is proportional to 
p~ ]/2 . For the experimental conditions for nanosheet deposition, the par- 
ticle energy is ~2-8 eV over the total pressure range of 400-20 mTorr. At 
lower pressure, this energy range includes the sp 2 hybridized C-C bonding 
energy (7.4 eV) in graphene layers, but recall that the detailed distribution 
has a high energy tail that falls off roughly exponentially. Therefore, the 
more energetic particle bombardment at lower pressure can produce defect 
production in crystalline carbon structures. Such damage production is 
similar to that accounting for ion-enhanced etching during carbon nano- 
fiber synthesis reported by Wei et al. [35]. 



3. Conclusion 

In this work, we have described the details of self-assem- 
bled synthesis of vertically-oriented atomically thin, two- 
dimensional carbon nanosheets. The facile synthesis of 
such structures fills the gap between 0-D, 1-D and macro- 
scopic (bulk) carbon materials and provides an avenue 
for important engineering applications including electron 
devices, gas uptake and storage, catalysis, and more. This 
paper has presented a qualitative mechanism for, oriented 
nanosheet formation directly from a one-step RF PECVD 
process. The mechanism is consistent with dominance by 
surface diffusion processes in the presence of energetic 
ion bombardment. We conclude that the formation of 
atomically thin, free-standing carbon nanosheets is 
strongly favored over the formation of nanotubes for the 
plasma parameters associated with our inductively coupled 
plasma. The resulting atomically thin edges require the 
presence of simultaneous etching by atomic hydrogen cou- 
pled to a vertical electrical field near the substrate surface. 
We have demonstrated that the electric field induces the 
anisotropic dipoles of the graphene sheets help to provide 
the observed self-aligned vertical orientation. The qualita- 
tive growth model developed and presented in this paper 
is consistent with, and accounts for, our previously 
reported parametric studies of nanosheet growth. This 
model forms the basis for forthcoming computational 
numerical studies of the nucleation and growth of this form 
of carbon. 
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